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 i 
Preface 
 
 
Fuel cells have attracted great interest as energy conversion devices with 
high-energy conversion efficiency and low pollutant emission. Especially, proton 
exchange membrane fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs), as 
promising power sources used in electric vehicles and portable devices, are intensively 
studied due to the high power density, quick start up, rapid response, and low operating 
temperature. 
 
 However, there are many barriers for commercialization and the use of PEM fuel 
cells, including high cost, water management, durability, temperature management, and 
limited carbon monoxide tolerance of the anode. Among them, the high cost of fuel 
cells is a serious problem in commercialization of fuel cell technology. One of the major 
contributors to the high cost of fuel cell is the platinum based catalyst. Accordingly, 
many studies have been carried out to reduce the loading of Pt by increasing the 
utilization efficiency of Pt and/or to replace it with a less expensive material. Especially, 
platinum-free catalysts for oxygen reduction reaction (ORR), such as non-platinum 
metals combinations, metal oxides, chalcogenides, inorganic and organometallic 
complexes, have been studied. They generally have problems such as lower catalytic 
activity and stability, though a few recent studies were reported that Pd-based catalysts, 
which are prepared by various methods, have remarkable activities for oxygen 
reduction. 
It has been reported that the ultrasonic reduction method generates noble metal 
nanoparticles with a much smaller size, a larger surface area, and a narrower size 
distribution than those prepared by other methods. However, few researches on the 
formation of nanoparticles by ultrasonic irradiation method for the use as fuel cell 
catalysts have been reported. 
 
The objective of this study is to suggest new non-Pt catalysts as ORR catalysts and 
available preparation method of catalysts. The Pd-Sn catalyst prepared by using 
ultrasonic irradiation method was selected as the oxygen reduction catalyst in alkaline 
media for this thesis. 
 
 
 ii 
This thesis consists of five chapters. 
 
In Chapter 1, the background of this thesis was introduced. The outline of the 
current fuel cell is reviewed and the development of non-Pt catalysts and preparation 
method of catalysts are surveyed. On the basis of this knowledge, the position and 
research strategy of this study are addressed.  
 
Chapter 2 describes studies on synthesis of Pd-Sn nanoparticles by using ultrasonic 
irradiation and their electrocatalytic activity for oxygen reduction reaction (ORR) in 
alkaline media. The results imply that the potential of Pd-Sn nanoparticles as ORR 
catalysts and the availability of ultrasonic irradiation method as preparation method of 
catalyst in fuel cell. The effect of preparation condition, such as the content of citric 
acid and ethanol in the synthesizing solution, on electrocatalytic activity of Pd-Sn 
nanoparticles is also presented.  
 
In chapter 3, studies on synthesis of carbon-supported Pd-Sn catalysts (Pd-Sn/C) 
by using ultrasonic irradiation are described in order to apply practically to fuel cell. 
Ultrasonic irradiation method is confirmed to be one of the high potential methods to 
synthesize carbon-supported Pd-Sn catalysts. Their potentiality as ORR catalysts in 
direct methanol alkaline fuel cell is proved by evaluating the electrocatalytic activity of 
the prepared Pd-Sn/C catalysts. 
 
Chapter 4 describes a potentiality of the Pd-Sn/C catalysts prepared by using 
ultrasonic irradiation as oxygen reduction catalysts in passive direct methanol fuel cell 
(DMAFC) using anion exchange membrane is presented. A feasibility study on passive 
DMAFC using Pt/C catalysts is also presented to investigate availability of DMAFC 
system. 
 
Finally, the results obtained from chapter 2 to chapter 4 are summarized and the 
prospect ion of this study will be presented in chapter 5. 
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1.1 Introduction to Fuel Cells 
 
Fuel cells are electrochemical devices that directly convert chemical energy of 
fuels into electrical energy. The fuel is either a liquid or gaseous form, such as hydrogen, 
hydrazine, hydrocarbons and coal gas. The fuel cell consists of an anode at which the 
fuel is electrocatalytically oxidized with the production of electrons and a cathode, at 
which the oxygen is reduced. Because they convert chemical energy directly into 
electrical energy with no intermediate combustion process and with little losses, a fuel 
cell has high energy conversion efficiency. The fuel cell can continuously produce 
electricity by the supply of the fuel and the oxidant to a fuel cell from an external source. 
In addition, fuel cells produce power with minimal pollutant because combustion is 
avoided. The main by-product in hydrogen fuel cell is water, thus completely 
eliminating all emissions.  
Therefore, fuel cells have been attracting attention as promising alternative energy 
conversion devices. They became even more attractive due to global climate change and 
the dramatic growth in energy consumption [1]. Moreover, fuel cells have many 
advantages.  
 
The characteristics of fuel cells are briefly summarized as follows. 
• Efficiency: Fuel cell efficiencies are not limited by the Carnot limit, because 
they convert chemical energy directly into electrical energy. Therefore, they are 
potentially far more efficient than internal combustion engines. Efficiencies of 
present fuel cell plants are in the range of 50 to 60 %, and hybrid fuel cell/gas 
reheat turbine cycles have demonstrated efficiencies greater than 70 %. In addition, 
the efficiency is nearly independent of the electric load down to a small fraction of 
full load. This makes fuel cells very suitable for applications such as vehicles, 
where good efficiency is desired at all ranges up to the peak power (full load). 
• Low emissions: When pure hydrogen is used directly as a fuel, only water is 
created and no pollutant is ejected. However, the processing of hydrocarbon fuels 
into hydrogen can result in a small output of NOx, SOx, CO, and an amount of CO2. 
It is significantly lower when compared, for example, to classical internal 
combustion engines, due to higher overall efficiency of the fuel cells. 
• Cogeneration capability: The constant temperature operation of fuel cell 
allows the heat produced by the electrochemical reaction to be used for heating. 
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The exothermic chemical and electrochemical reactions produce usable heat. 
 
• Scalability: Fuel cells can be configured to suit a wide range of sizes for 
applications, ranging from a few watts to megawatts. Thus, fuel cells are expected 
to serve as a power source for portable electronic and computers as well as vehicles 
and small or large power plants. 
• Fuel flexibility: Fuel cells can be operated using commonly available fuels 
such as natural gas, methanol, and various hydrocarbons. 
• Quiet operation: By virtue of absence of moving parts, the operation is quite 
and there is no noise pollution. 
 
 
1.1.1 Types of Fuel Cells 
 
Fuel cells are classified by types of electrolyte and fuel, which in turn determine 
the electrode reactions and carrier ions [2]. The common types of fuel cells are 
characterized by the electrolyte are listed in Table 1.1. 
 
The operation temperature and electrolyte of various fuel cells are described in the 
following. 
• Polymer electrolyte fuel cells (PEFC): PEFC use a thin proton conductive 
polymer membrane as the electrolyte, and operating temperature is typically 
between 60 °C and 80°C. 
• Alkaline fuel cells (AFC): AFC use concentration of 85 wt% KOH as the 
electrolyte for high temperature operation (250°C) and less concentration of 35-50 
wt% for lower temperature operation (<120°C). 
• Phosphoric acid fuel cells (PAFC): PAFC use concentration of near 100 % 
phosphoric acid as an electrolyte, and operating temperature is typically between 
150 °C and 220 °C. 
• Molten carbonate fuel cells (MCFC): MCFC use the carbonate (LiKCO3, 
LiNaCO3 etc.) electrolyte composed of a ceramic matrix of LiAlO2, and operating 
temperature is typically between 600 and 700 °C. 
• Solid oxide fuel cells (SOFC): SOFC use a solid, nonporous metal oxide, 
usually Y2O3-stabilized ZrO2 (YSZ) as their electrolyte, and the ionic conduction 
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by oxygen ions take place under the operating temperature between 800 and 
1000 °C. 
 
Table 1.1 Comparison of various types of fuel cells  
 
 
PEFC AFC PAFC MCFC SOFC 
Electrolyte 
Hydrated 
Polymeric Ion 
Exchange 
Membranes 
Mobilized or 
Immobilized 
Potassium 
Hydroxide in 
asbestos matrix 
Immobilized 
Liquid 
Phosphoric 
Acid in SiC 
Immobilized 
Liquid Molten 
Carbonate in 
LiAlO2 
Perovskites 
(Ceramics) 
Electrodes Carbon 
Transition 
metals 
Carbon 
Nickel and 
Nickel Oxide 
Perovskite and 
perovskite / 
metal cermet 
Catalyst Platinum Platinum Platinum 
Electrode 
material 
Electrode 
material 
Operating 
Temperature 
40 – 80 °C 65°C – 220 °C ~205 °C ~650 °C 600-1000 °C 
Charge 
Carrier 
H+ OH- H+ CO32- O2- 
Product 
Water 
Management 
Evaporation Evaporation Evaporation 
Gaseous 
Product 
Gaseous 
Product 
Realized 
Power 
Small plants 
5-250 kW 
Small plants 
5-150 kW 
Small-medium 
size plants 
50 kW-11 MW 
Small power 
plants 
100 kW-2 MW 
Small power 
plants 
100-250 kW 
Applications 
Transportation, Space, Military, 
Energy storage system 
Combined heat 
and power for 
decentralized 
stationary 
power system 
Combined heat and power for 
decentralized stationary power 
system and for transportation 
(train, boat, etc.) 
 
 
 
  
Chapter 1 
 
 6 
Depending on the operation temperature, AFC and PEFC belong to low 
temperature fuel cells; PAFC belongs to intermediate temperature fuel cell; MCFC and 
SOFC belong to high temperature fuel cells. The operation temperatures of different 
fuel cells affect the types of catalyst in chemical reactions, and also affect the types of 
fuels.  
 
Some fuel cells are classified by the type of fuel used. 
 • Direct Alcohol Fuel Cells (DAFC): DAFC use alcohol without reforming. 
Mostly, this refers to a PEFC-type fuel cell in which methanol or another alcohol is 
used directly, mainly for portable applications. 
• Direct Carbon Fuel Cells (DCFC): DCFC used solid carbon (presumably a 
fuel derived from coal, pet-coke or biomass) is used directly in the anode, without 
an intermediate gasification step. The thermodynamics of the reactions in a DCFC 
allow very high efficiency conversion.  
 
 
1.1.2 Proton Exchange Membrane Fuel Cells (PEMFCs) 
 
The proton exchange membrane fuel cell (PEMFC), also called polymer electrolyte 
fuel cell (PEFC) or the solid polymer fuel cell (SPFC) because the electrolyte of 
PEMFC is the solid polymer. The mobile ion in the polymers used is an H+ ion, so the 
basic operation of the cell is essentially the same as for the acid electrolyte fuel cell. The 
basic reactions of fuel cells are described in the following, but these reactions may have 
several intermediate steps and side reactions. 
 
The hydrogen gas molecules dissociates on the catalytic surface of the anode into 
protons and electrons. 
 
Anode:         H2
 
→ 2H+
 
+ 2e-
            
Eo = 0.000 V                [1.1]  
 
The electrons flow through an external circuit as electric current while the protons 
move across the electrolyte to the cathode.  
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The protons combine with oxygen and electrons to form water on the catalytic 
surface of the cathode, 
    Cathode:      O2
 
+ 4H
+ 
+ 4e- → 2H2O    Eo = 1.229 V               [1.2]  
 
Thus, the overall reaction that takes place in the fuel cell is the combination of 
hydrogen with oxygen to produce water. 
 
    Overall:      H2
 
+ 1/2O2
 
 → 2H2O       Eo = 1.229 V               [1.3]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1. A schematic representation of PEM fuel cell for hydrogen [3]. 
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A schematic diagram of fuel cell is shown in Fig. 1.1 [3]. Hydrogen is fed into the 
anode and oxygen is fed into the cathode. The electrochemical reaction takes place at 
the surface of the catalyst that are attached to a carbon paper or carbon cloth, called the 
gas diffusion layer (GDL). The carbon is conductive and porous that allows the flow of 
gases and electrons through it. The catalyst particles are properly dispersed in ionomeric 
material which aids in proton conduction. At the interface between the anode catalyst, 
which is typically Pt based, and the electrolyte, the fuel is converted into protons (H+) 
and electrons (e-). The protons travel through a polymer electrolyte membrane (PEM), 
which prohibits electrons, to the cathode side. The electrons (e-) are thus forced to travel 
through an external wire and deliver part of their energy to a ‘load’ on their way to the 
cathode. At the cathode, the transferred protons and the energy depleted electron 
combine with oxygen to produce water. The produced water is pushed out of the fuel 
cell with excess flow of oxygen. 
 
PEMFC has current prototype efficiency of up to 60 %, high energy densities and 
the ability to operate on clean fuels while emitting no pollutants. In addition, PEMFC 
can start fast because the polymer electrolytes work at low temperatures. The compact 
fuel cell can be made owing to thinness of the membrane electrode assemblys (MEAs). 
Further advantages are that there are no corrosive fluid hazards and that the cell can 
work in any orientation. This means that the PEMFC is particularly suitable for use in 
vehicles and in portable applications. 
Therefore, PEMFCs are a potential candidate for automotive applications, distributed 
home power generators, and portable power electronic applications [4-5]. 
 
Despite these benefits, there are many barriers for commercialization and the use 
of PEMFCs, including high cost of noble metals used as catalysts (e.g., platinum) [6], 
the production costs of the PEM [7], water management, flow control, temperature 
management, durability [8], and limited carbon monoxide tolerance of the anode [9]. 
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1.1.3 Electrocatalysts for PEMFC 
 
Platinum-based catalysts are widely used as the anodic electrode material for 
hydrogen oxidation and the cathodic electrode material for oxygen reduction.  
 
Especially, PEMFC operating low temperature requires the improved CO tolerant 
catalyst. The oxidation of adsorbed CO to CO2 requires the oxidative adsorption of H2O. 
The recent development has focused on Pt alloys that contain a more oxidizable element 
than Pt, with the ability to activate oxygenated species at lower potentials and thus 
initiate CO oxidation at lower potentials [10,11]. The adsorption of oxygen-like species 
on Pt ([eq. 1.4]) will not occur below about 0.7 V, while it occurs on Ru ([eq. 1.5]) at 
lower potential about 0.2 V of that on Pt. The alloys of Pt and Ru are able to activate 
H2O at lower potential. Thus, the continuous oxidation of CO aids in the formation of 
bare Pt sites that allows the dissociative adsorption of H2. This promoter effect is 
evident in highly dispersed Ru in PtRu/C alloy catalyst which allows an almost 
four-fold enhancement as compared to Pt/C electrocatalyst in a CO stream. This 
bifunctional mechanism is shown below [12]. 
 
         H2O + Pt → Pt-OH + H+ + e-                                     [1.4] 
         H2O + Ru → Ru-OH + H+ + e-                                 [1.5] 
        Ru-OH + Pt-CO → CO2+ H+ + e-                                 [1.6] 
 
However, the low reaction rate of the oxygen reduction reaction (ORR) leads to 
higher reduction overpotential in the performance condition of PEMFC. Compared to 
the anode hydrogen oxidation reaction, which has a small overpotential of <25mV, the 
cathode oxygen reduction exhibits a larger overpotential (this can be over 300mV for a 
moderate range of current density, <1.0Acm−2) [13]. The slow ORR kinetics on Pt 
catalysts is among the most limiting factors in the energy conversion efficiency of 
PEMFC.  
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There are several drawbacks to using Pt catalysts in a fuel cell, besides the high 
cost issue. 
   • Incomplete four-electron reaction: Pt catalyzed cathode oxygen reduction is not 
a complete four-electron reaction. It is well known that the oxygen reduction reaction 
is a complex process that includes many electrochemical (chemical) steps with 
different intermediates [14]. Oxygen electroreduction mainly proceeds by two 
pathways: a direct four-electron reduction of oxygen yielding H2O2, which may be 
further reduced to H2O. A two-electron reduction of oxygen not only reduces the 
efficiency of the system, the strong oxidation that is associated with the produced 
hydrogen peroxide can degrade the catalytic activity of catalysts [15–17]. The 
hydrogen peroxide radicals produced by the two-electron reduction of O2 can also 
attack the catalyst carbon layer and the proton exchange membrane (and/or ionomer 
in the catalyst layer), resulting in significant degradation of fuel cell performance, and 
even failure.  
• Poisoning: Pt catalysts are very sensitive to contaminants in the feed system. 
Fuel cell contamination caused by the impurities in the feed stream such as CO, H2S, 
NH3, organic sulfur–carbon and carbon–hydrogen compounds in H2 stream, NOx, 
and SOx in the air stream, is an important issue in fuel cell development and 
operation [18]. These impurities or contaminants can easily poison the Pt catalyst, 
resulting in performance degradation. 
A cathode platinum catalyst has no tolerance to methanol oxidation in a direct 
methanol fuel cell (DMFC). In a DMFC, methanol crosses through the membrane 
from the anode to the cathode, and then reacts with the cathode Pt catalyst, leading 
to a cathode potential drop, which lowers the operating cell voltage [19, 20]. This 
activity of cathode Pt toward methanol oxidation is not desirable.  
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1.2 Development of Non-Pt Catalysts as Oxygen Reduction Catalysts 
 
 One of the major contributors to the high cost of fuel cell is the platinum based 
catalyst. It has been calculated that Pt contained electrode cost 71% of all stack 
components in the PEMFC system [21]. Besides, the platinum cost has been increasing 
from $29/g in 2005 to $35/g in 2007 [21]. In order to reduce the cost of the fuel cell 
catalysts, many studies have been carried out to reduce the Pt content of fuel cell 
electrocatalysts or to replace it with a less expensive material [6, 22-23]. Various 
materials have been proposed as non-noble cathode catalysts. However, there have been 
no significant breakthroughs in the areas of materials and technology. 
 
 
1.2.1 Transition Metal Oxides 
 
Transition metal oxides, especially those with a perovskite or pyrochlore structure 
that allows easy exchange of oxygen, showed remarkable activity for oxygen reduction 
in an alkaline solution [24]. Unfortunately, most transition metal oxides have been 
found to be unstable in the acidic environment of PEM fuel cell operation. Reeve et al. 
observed that in acidic solutions, the activity declined substantially, and the stability of 
the oxide phase was also very poor. The slow dissolution of ‘B’ metal components of 
the oxide and their redeposition at the anode caused severe cumulative poisoning 
problems [25]. 
 
 
1.2.2 Transition Metal Chalcogenides 
 
Two major transition metal chalcogenides have been explored as electrocatalysts 
for fuel cell oxygen reduction: Chevrel phase-type compounds (e.g.,Mo4Ru2Se8) and 
amorphous phase compounds (e.g., RuxMoySez, RuxSy). 
 
Alonso-Vante et al. initially proposed that semiconducting chevrel-phase Ru–Mo 
chalcogenides (sulfides, selenides) had significant oxygen reduction activity in acid 
conditions [26]. It has been found that the delocalization of electrons in a metal cluster 
can lead to a high electron conductivity and attenuate the relaxation of the electronic 
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states. The availability of a reservoir of charges for the multi-electron charge transfer is 
also important for enhancing catalytic activity. The chalcogenides is highly stable in an 
acidic environment, especially if in combination with other transition metals [27–28]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2. Interaction of molecular oxygen in acid medium at the Chevrel phase 
clusters–electrolyte interface  
 
These compounds have a cluster structure with a repeating crystal lattice 
containing a metal ion cluster in the center, surrounded by several non-metal ions. Each 
lattice contains a central octahedral metal cluster with six metal ions surrounded nearly 
cubically by eight chalcogen ions in a binary compound of M16X8 (M1 = high valent 
transition metal, e.g., Mo; X= chalcogen, e.g., S, Se, Te). There are also ternary 
compounds such as Mo6M2xX8 (M2 = intercalated metal guest ion), and pseudobinary 
compounds such as Mo6M3xX8 (M3 = foreign metal ions which replace the Mo in 
octahedral M1 cluster, e.g., Ru).  
 
The Mo6M2xX8 compound was found to be electrochemically unstable due to 
deintercalation at positive electrode potentials. Alonso-Vante et al. observed that 
Mo6−xRuxX8 could catalyze the electroreduction through a four-electron pathway from 
O2 directly to H2O [26]. This remarkable activity was attributed to the presence of 
octahedral mixed metal clusters. These clusters might act as reservoirs for electron 
transfer from the electrode to coordinated O2 on the clusters. The catalytic properties of 
several Mo6−xRuxX8 catalysts for oxygen reduction, where Mo4.2Ru1.8Se8, are closely 
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approach the level of Pt catalyst. It was expected that further optimizing the catalyst 
layer structure might lead to an improvement in catalyst performance. 
 
Amorphous transition metal sulfide phases adsorb on active carbons. The 
MoxRuySOz/MoxRuySeOz and RuxSy/RuxSey systems revealed that the formed 
compounds had a polycrystalline and amorphous structure rather than a chevrel 
structure [29-30]. The reaction products consist of nano-scale Rumetals and octahedral 
clusters of Ru, which contain carbon in the centre, surrounded by carbonyl groups. 
Ruthenium/carbide/carbonyl compounds are expected to be the active center. These 
complexes do not form a crystalline compound, but they are present as a film on the 
ruthenium colloids. A schematic drawing for qualitative structure of carbon modified 
Ru-catalyst is shown in Fig. 1.3 [31]. Possible interfacial Ru-clusters are shown grown 
on a Ru-nanoparticle. The cubane-like Ru-complex has been selected as a model system 
to describe the interaction of chalcogene with Ru-clusters during oxygen reduction. 
Selenium or sulfur may act as a bridge to transfer electrons between the Ru-complexes 
and the colloids.  
The composition relating to the highest oxygen reduction activity did not relate to 
the Chevrel phase, but to an approximate composition Mo2Ru5S5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3. Proposed qualitative structure of carbon modified Ru-catalyst. 
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1.2.3 Transition Metal Macrocyclic Compounds 
 
A large variety of transition metal (e.g., Fe and Co) macrocyclic complexes such as 
N4-, N2O2-, N2S2-, O4- and S4- systems all showed a certain level of catalytic activity for 
oxygen reduction, since Jasinski’s discovery of the catalytic properties of Co 
phthalocyanine [32]. It is well known that N4-chelates of transition metal such as iron- 
and cobalt-porphyrins, phthalocyanines, and tetraazannulenes are the most popular 
active catalysts for oxygen reduction. This could be partially attributed to the inductive 
and mesomeric effects of the ligands on the central ion. Oxygen reduction on two types 
of cobalt–porphyrin complex modified gold electrodes both show enhanced activities in 
Fig. 1.4. Compared to that of the bare Au surface, this current enhancement clearly 
shows that Co–porphyrin complex adlayer enhances ORR activity [33]. 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.4. The structure of Co-porphyrin comlexes (left) and CVs for the O2 reduction at 
bare (a), CoP- (b), and CoOEP-modified (c) Au(1 1 1) electrodes in 0.1M HClO4 (right). 
 
Beck et al. [34] proposed that the mechanism of the electroreduction of oxygen 
catalyzed by N4-chelates of transition metal was mainly involved by a modified ‘redox 
catalysis’. The first step in the oxygen reduction was the adsorption of oxygen on the 
catalyst metal center to form an oxygen-catalyst adduct, followed by electron transfer 
from the metal center to bound O2 and the regeneration of the reduced N4-chelates as the 
following steps. 
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XMeII +O2  ⇔ (XMeδ+ + . . .O2δ-)                            [1.7]  
(XMeδ+ + . . .O2δ-) + H+→ (XMeIII. . .O2H)+ (2)                  [1.8]  
(XMeIII. . .O2H)+ + H+ +2e- → XMe + H2O2 (3)                  [1.9] 
 
Depending on the nature of the central metal, the oxygen reduction could take 
place via four-electron reduction to water (iron complexes), two-electron reduction to 
H2O2 (cobalt complexes) or other pathways somewhere within this range. The central 
metal ion of the macrocycle seemed to play a decisive role in the oxygen reduction 
mechanism. For N4-chelates (phthalocyanines) the influence of the metal ion was 
displayed in the following order of activities [35] 
 
Fe > Co > Ni > Cu ≈ Mn                               [1.10] 
 
Although iron complexes of phthalocyanine/porphyrin can promote a four-electron 
reduction pathway, they are not stable. The decomposition either via hydrolysis in the 
electrolyte, or an attack of the macrocycle rings by peroxide intermediates was found to 
be the main cause of the poor stability. In general, cobalt complexes have higher 
electrochemical stability than that of iron, but they can only catalyze a two-electron 
reduction of oxygen. The following stability sequence of metal macrocyclic complexes 
was summarized [36] 
 
Co > Fe > Mn                                           [1.11] 
 
Attempts to improve both catalytic activity and stability has led to the discovery 
that heat-treatment of transition metal macrocycles (>800 ◦C) can significantly improve 
stability and enhance overall catalytic activity [37–39].The adsorbed macrocycle forms 
several bonds with the support during the heat treatment, which can improve the 
catalyst stability. The main cause for the increased activity is the polymerization of 
chelates during the heat treatment, which facilitates the electron transfer from the 
carbon support to O2. Accordingly, the active sites should be MN4- or MN2-units, 
depending on the heat-treatment temperature.  
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Fig. 1.5. Visualization of the reaction of porphyrin with carbon during the heat 
treatment. 
 
Some work has been done on copper and iron surface complexes for oxygen 
electroreduction catalysts [40–41] and these surface complexes have been observed to 
catalyze the reaction through a dominating four-electron reduction pathway from O2 to 
water. Unfortunately, the onset electrode potentials for oxygen reduction catalyzed by 
these surface complexes were much more negative than that catalyzed by a Pt based 
catalyst. 
 
Chu and Jiang prepared a series of single and binary heat-treated mtalloporphyrins 
(TPP as a ligand), and tested for the ORR in O2-saturated 0.5M H2SO4 with 1M 
methanol [42].Their results are shown in Fig. 1.6. The best catalyst for oxygen 
reduction was heat-treated CoTPP/FeTPP.  
 
 
 
 
 
 
   
 
 
 
Fig. 1.6. Comparison of catalytic activity between single and binary metalloporphyrins 
coated electrode at 0.4 V and 400 rpm [42]. 
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1.2.4 Non-platinum Metallic Combinations 
 
The term noble metals indicate the fifth and sixth period, group 8B elements. 
These elements are known excellent catalysts for many chemical reactions, yet usually 
with high materials cost. From the viewpoint of electrocatalytic activity for the ORR 
and stability, noble metals are considered good candidates as non-platinum catalysts.  
Among these materials, the ORR on palladium undergoes the four-electron 
pathway. Palladium shows a high electrocatalytic activity for ORR, which follows that 
of platinum [43]. Moreover, the activity of Pd metal is tolerant to methanol 
contamination in acid medium [44, 45]. Moreover, the mineable resources of Pd are 
essentially higher than those of Pt, and its price is lower. On account of those 
characteristics of palladium, Pd-based catalysts are thought to be a promising candidate.  
 
Recent studies on Pd-based electrocatalysts show that they have remarkable 
activities for oxygen reduction. Ota et al. reported that the Pd–Co alloy exhibited a 
significantly enhanced electrocatalytic activity for ORR compared to a pure Pd 
electrocatalyst [46, 47]. Bard et al. also proved that Pd–Co and Pd–Co–Au 
electrocatalysts had remarkable activities for the ORR through an electrocatalyst design 
method based on simple thermodynamic principles assuming that oxygen molecules 
dissociate on one metal and oxygen atoms are reduced on the other [48]. The 
electrocatalytic activities of some binary metal alloys in acidic medium were examined 
by scanning electrochemical microscopy (SECM).  
 
 
 
 
 
 
 
 
 
Fig. 1.7. SECM images of oxygen reduction activity measured on Pd/Co arrays in 0.5 M 
H2SO4, scan rate 0.25 mms-1, ES = 0.4V (I-a), 0.7V (I-b).WM is the atomic ratio of metal 
M. 
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Among the combinations of metallic catalysts consisting of various binary and 
ternary combinations, Pd/Co on glassy carbon show high ORR activities (Fig. 1.7). The 
90:10 Pd/Co composition showed the highest ORR activity (I-b) at a positive range of 
0.7V, while compositions containing Co more than 20% shows decreased activities.  
 
Bard et al. reported that palladium-based electrocatalysts such as Pd–Co–Au 
(Pd:Co:Au =70:20:10 atom%), Pd–Ti (Pd:Ti = 50:50 atom%), and Pd–Co–Mo 
(Pd:Co:Mo = 70:20:10 atom%) which were synthesized by the conventional 
borohydride reduction method and the reverse microemulsion method, show a 
reasonable catalytic activity comparable to that of Pt for ORR in PEMFC at 60 ºC 
[49-50].  
 
Fig. 1.8. Comparison of steady-state polarization curves of the various heat treated 
carbon supported Pd-Co-Au (Pd:Co:Au) 70:20:10, atom%) and Pd-Ti (Pd:Ti) 50:50, 
atom%) catalysts for ORR in single-cell PEMFC with that of a commercial (JM) Pt 
catalyst at 60 °C with a metal(s) loading of 0.2 mg/cm2. 
 
Ota et al. reported that palladium-based alloys such as Pd–Co, Pd-Ni, and Pd-Cr, 
prepared by rf sputtering, showed a higher ORR electrocatalytic activity than Pd in 
sulfuric acid solution, although it was lower than Pt. Those Pd alloys had no 
electrocatalytic activity for methanol oxidation [51]. 
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1.2.5 Non-noble Metal Catalysts 
 
Metal oxides and alloys have been investigated for their ORR catalytic activities. 
 
Titanium dioxide is a known semiconductor that has many interesting catalytic 
properties. ORR activity was found on anodically formed TiO2 on Ti surface [52]. From 
rotating disk electrode (RDE) experiments, the ORR on TiO2 proceeds through a 
two-electron process in acidic solution and four-electron process in alkaline solution.  
 
Polyoxometallates are a large class of transition metal–oxygen cluster compounds 
that have unique properties, such as stability, commercial availability and relative ease 
of synthesis [53]. For example, [PMo(12−n)VnO40](3+ n)− (n = 0–3) show an order of 
magnitude more current as cathode catalysts after moderate heat treatment than anode 
catalysts [54]. 
 
A tungsten carbide (WC) has been known to have a platinum-like behavior for the 
chemisorption of hydrogen and oxygen. Tantalum (Ta)-added tungsten carbide (WC) 
(WC+Ta) enhances its potential electrocatalytic activity for ORR [55]. It was found that 
the corrosion resistance of the tungsten carbide is significantly increased by the addition 
of Ta to the pure WC catalyst. Tungsten carbide nanocrystals promoted Ag composite 
electrocatalysts, which were prepared by intermittent microwave heating method, 
revealed that both tungsten carbide nanocrystals and Ag are active for the 
electroreduction of oxygen in alkaline media and the overpotential was significantly 
reduced on the tungsten carbide nanocrystals promoted Ag composite electrocatalyst, 
showing a synergetic effect to improve the activity for oxygen electroreduction [56]. 
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1.3 Preparation Method of Nanoparticles 
 
The development of various synthesis methods of multimetallic electrocatalysts is 
needed in order to improve the electrocatalytic activity because the electrochemical 
reactions involved in fuel cell are sensitive to the atomic composition and the 
microstructure. Synthesis methods of nanostructured catalysts, such as impregnation 
-reduction method, coprecipitation method, microemulsion method, alcohol reduction 
method, colloidal methods and electrochemical methods, have been developed.  
 
 
1.3.1 Impregnation Method  
 
The impregnation–reduction method is very used in the field of heterogeneous 
catalysis to prepare nanostructured catalysts. Pt and Ru precursors are first adsorbed on 
carbon and subsequently the catalyst is dried (filtered) and reduced with a hydrogen 
stream (200-700 °C) [57].  
 
Fig. 1.9 shows scheme of preparation of Pt particles using impregnation and 
reduction method [58]. A carbon powder is oxidized using a treatment by aqua regia 
((1/3)HNO3 + (1/3)HCl + (1/3)H2O) to form surface hydroxyl groups at the carbon 
surface. Then the carbon is added to a solution containing a given amount of metal salts 
in ultrapure water and the pH was adjusted to 1. After 24 h, the impregnated carbon 
support is dried at 70 ◦C overnight, calcined for 4 h at 300 ◦C under air and reduced for 
4 h at 300 ◦C under pure hydrogen atmosphere. 
Fig. 1.9. Scheme of the impregnation and reduction method of anionic salts for the 
preparation of metallic particles dispersed on a conductive carbon support. 
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It is inefficient because a large amount of energy and hydrogen are needed. Besides, 
the high-temperature condition decreases the active surface because of aggregation of 
catalyst nanoparticles.  
 
 
1.3.2 Coprecipitation Method  
 
Appropriate amounts of the noble metal halides and transition metal oxides were 
intimately mixed with an excess of sodium nitrate and the mixture was heated to 500 °C 
for 3 hrs. During the heat treatment, fumes of nitrogen dioxide are evolved and the 
oxide of platinum is precipitated. It is probable that the following reactions take place 
[59]. 
 
6NaNO3 + H2PtCl6  6NaCl + Pt(NO3)4 + 2HNO3                  [1.12] 
Pt(NO3)4  PtO2 + (NO2)4 + O2                                  [1.13] 
 
Then, the solidified melt was washed thoroughly with water to remove nitrate and 
halide, and the resulting aqueous suspension of mixed oxides was reduced at room 
temperature with bubbling hydrogen. 
Although its reducing temperature is much lower than that of the impregnation 
method, the precursor, metallic oxide, is more complicated to obtain [60, 61]. 
 
 
1.3.3 Polyol Method  
 
In this process, the suspended metal ions are reduced in a liquid polyol [62]. The 
suspension is stirred and heated to a given temperature which can reach the boiling 
point of the polyol for the less easily reducible metals.  
In general, the polyol is to work as a chelating agent for complexation of metal 
ions in the reduction process and to serve as a reducing agent to reduce metal ions into 
metal or alloy nanoparticles. When the mixture of metal ion and carbon were vigorously 
refluxed and stirred, metal nanoparticles are attacked to the carbon in dilute polyol 
solution. Then, the catalysts were washed, filled and dried. 
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1.3.4 Colloidal Method  
 
The colloidal method has been widely used in the preparation of metal colloids for 
homogeneous catalysis, because well-dispersed nanometal colloids can be formed and 
stabilized in aqueous solution in the presence of a surfactant via a steric mechanism [63, 
64]. The surfactant-stabilized colloidal method is suggested to show better control the 
particle size because this method often uses surfactants or polymer as the stabilizer 
which not only protects the nanocatalysts but also creates a space for nanosize particles 
to grow [65] 
 
• The Bönnemann method: The procedure was adapted for the preparation of 
mono and multimetallic catalyst precursors. The synthesis is carried out under 
controlled atmosphere (argon) free of oxygen and water, with non-hydrated metal 
salts.  
The first step consists to the preparation of a tetraalkyl triethylborohydride 
reducing agent (Nalk4)+(Bet3H)-, which will also act as a surfactant after metal 
reduction, preventing any agglomeration of the metallic particles: 
 
MeCln +n(Nalk4)+(Bet3H)- → Me[(Nalk4)+Cl-]n +nBEt3 +(n/2)H2    [1.14] 
 
Then, the colloidal precursors are dispersed on a carbon support and calcined at 
300 ◦C for 1 hr under air atmosphere to remove the organic surfactant. 
 
• The microemulsion method: This method was developed by Boutonnet et al. 
[66]. Two different micro-emulsions are prepared, one containing the metal salts 
dissolved in ultrapure water, the other one containing a solution of sodium 
borohydride as reducing agent. The surfactant is polyethyleneglycol dodecylether in 
the organic phase (e.g. n-heptane). The reduction reaction leads to the formation of 
metallic nanoparticles stabilized by a surfactant shell. Then, accurate amount of 
carbon (Vulcan XC72) was added directly in the solution and the mixture was kept 
under stirring. The mixture was filtrated and was washed with ethanol, acetone and 
ultra-pure water. The carbon-supported catalysts were dried in a nitrogen gas [67]. 
 
The reduction temperature is well below 200 °C and does not need special 
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pretreatment for the metal precursor so that it can avoid the disadvantages of 
impregnation and coprecipitation methods. But removing the stabilizer after reduction 
becomes the major problem. If the stabilizer is totally removed, the metallic 
nanoparticles will aggregate, resulting in a lower active surface. Otherwise, the 
residual stabilizer tends to inhibit methanol transfer and retard the reaction.  
 
 
1.3.5 Electrochemical Deposition Method 
 
The use of direct electrochemical deposition methods for the preparation of 
catalysts allowed localizing the catalytic particles on the top surface of the electrode 
support. Platinum, ruthenium and molybdenum could be deposited in a reproducible 
way using this method. 
Given amounts of metal salts were dissolved in 1 M H2SO4 solution. Metal salts 
were deposited on gas diffusion electrode. The galvanostatic pulse deposition or 
potentiostatic pulse deposition of metals was performed in a two-electrode cell using a 
high power potentiostat and a waveform generator [68, 69].  
 
The galvanostatic pulse electrodeposition method displayed some advantages for 
the preparation of catalysts. It is clean process, which needs or involves no organic 
solvent or reactant. The process is easy to perform and very reproducible. It makes 
possible to control the atomic composition of the catalysts and the particle size by 
controlling the electric parameters of the synthesis process. However, hydrogen 
evolution occurs when current pulses are applied to deposit on the carbon electrode. The 
Faradic yield is then drastically decreased, and finally, only 10% of the charge is used 
for the metal deposition. Therefore, experiments should be performed for a long time to 
obtain electrodes with convenient metal loading or surface concentration. 
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1.3.6 Ultrasonic Irradiation Method 
 
Sonochemistry is based on acoustic cavitation, that is, the formation, growth, and 
collapse of bubbles in a liquid [70]. Fig. 1.10 shows the generation of an acoustic 
bubble by sound transmission through a medium. At sufficiently high power the 
rarefaction cycle may exceed the attractive forces of the molecules of the liquid and 
cavitation bubbles will form. Such bubbles grow by a process known as rectified 
diffusion i.e. small amounts of vapour (or gas) from the medium enters the bubble 
during its expansion phase and is not fully expelled during compression. The bubbles 
grow over the period of a few cycles to an equilibrium size for the particular frequency 
applied. The adiabatic processing of implosive collapse generates localized hot spots 
with transient temperatures of ca. 5000 K, pressures of about 1000 atm. and heating and 
cooling rates in excess of 1010 K/s [71]. These conditions attained during bubble 
collapse have been used to prepare amorphous metals, carbides, oxides, and sulfides, etc. 
The sonochemical formation of noble metal and bimetallic nanoparticles in aqueous 
solution was also reported [72–74]. The chemical effects of ultrasound are attributed to 
the cavitation, which produces strong reductants from aqueous or alcohol solutions, 
thereby reducing metal salts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.10. Generation of an acoustic bubble 
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In sonochemistry, three kinds of reaction sites should be considered (Fig. 1.11) 
. 
• The interior of the collapsing cavitation bubbles: High temperatures (several 
thousand degrees) and high pressures (several hundred atmospheres) are generated 
by the collapse of the cavities. Water vapor is pyrolyzed into hydrogen atoms and 
hydroxyl radicals. 
• The interfacial region between the cavitation bubbles and the bulk solution: 
The temperature is lower than that of the interior of the bubbles. However, it is still 
high enough for thermal decomposition of the solutes to take place.  
• The bulk solution at ambient temperature: The reactions of solute molecules 
with hydrogen atoms or hydroxyl radicals take place here. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.11. The reaction sites in aquous solution during sonolysis. 
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The following reactions are proposed to explain the generation of reducing species, 
the reduction of noble-metal ions, and the aggregation of zerovalent-metal species into 
particles. The high temperature and pressure are high enough to dissociate water 
molecules into primary hydrogen radicals (H•) and hydroxyl radicals (OH•), which 
present in the cavity of a cavitation bubble at the instant of bubble collapse (eq. [1.15]). 
Organic molecules in solution can also form organic radicals with a reducing ability 
during the sonolysis (eq. [1.16]). These primary hydrogen radicals (H•) and reducing 
organic radicals reduce metal ions into metal nanoparticles (eq. [1. 18] and eq. [1. 19]).  
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
H2O → •H  +  •OH                                                              [1.15]  
RH +  •OH (•H) → R• + H2O (H2)                                             [1.16]
RH → organic pyrolysis radical                                                [1.17]
nH• + M+ → M + nH+ [1.18]
nR• + M+ → M + nR’ + nH+ [1.19]
n(Me0) → (Me0)n                                                               [1.20]
)))
)))
)))
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1.4 Direct Alcohol Alkaline Fuel Cell  
 
The direct alcohol fuel cells (DAFCs) have recently emerged as the technology of 
choice for low temperature power applications [75, 76]. In DAFCs, alcohols such as 
methanol, ethanol, isopropanol and glycerol are used as the fuel instead of hydrogen. 
The alcohol’s use as a fuel has several advantages, such as high solubility in aqueous 
electrolytes, liquid fuel available at low cost, easily handled, transported and stored and 
high theoretical density of energy. In addition, an alcohol can be expected to use 
because of the relative ease of conversion of the current petroleum distribution 
infrastructure, compared hydrogen required the whole new distribution structure. 
 
Table 1.2 The standard thermodynamic volatages (Eo), energy densities (We) and 
maximum reversible efficiencies (ηrev) of hydrogen and selected pure alcohols when 
electrochemically oxidized under standard conditions [77]. 
 
Fuel  Eo / V We / kWh kg-1 [kWh dm-3] ηrev 
Hydrogen (H2) 1.23 39.0 [2.6 (liquid H2)] 0.83 
Methanol (CH3OH) 1.21  6.1 [4.8] 0.97 
Ethanol (C2H5OH) 1.15  8.0 [6.3] 0.97 
Propanol (C3H7OH) 1.07  8.6 [6.8] 0.93 
Ethylene glycol (HOC2H4OH) 1.22  5.3 [5.9] 0.99 
 
Direct methanol fuel cell (DMFC) has been attracting attention as a promising 
alternative energy source, because of ease and speed/instantaneous of refuelling and the 
large energy density of the methanol fuel [78, 79].  
 
However, the currently available DMFC systems contain some technical problems. 
One of the problems is methanol crossover through membrane, which result in wasted 
fuel and low power densities and cost [80]. The other is that the electro-oxidation of 
methanol is inherently sluggish, which reduces performances and leads to the 
requirement for high loading of expensive catalysts [42].  
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Accordingly, many researches on the replacement of proton exchange membranes 
and electrocatalysts for DMFC have been performed to improve the performance of 
DMFC [81-83]. Besides, many researchers have proposed alternative approaches, such 
as the mixed-reactants solid polymer DMFC [84] and direct methanol alkaline fuel cell 
(DMAFC) using anion exchange membrane (AEM) [85–87] to improve the 
performance of DMFC. 
 
DMAFC has potential advantages, compared to DMFC in acidic media. Fig. 1.12 
shows a schematic diagram of the electrochemical reactions and transport processes in 
the DMFC using AEM and cation exchange membrane. First, electrocatalytic reaction 
of methanol oxidation and oxygen reduction reactions in alkaline media is more facile 
than in acidic media [75]. That allows to use low catalysts loadings and to select a wide 
range of catalysts, e.g. non-noble metals [88]. Second, it is possible to suppress the 
methanol crossover, because the conducting pathway of OH ions from the cathode to 
the anode through the membrane is opposite to the direction of the electro osmotic drag. 
Reduced methanol crossover will allow the use of thinner membranes, improving fuel 
cell performances. In addition, water management can be easily performed in 
accordance with reduction of flooding at the cathode.  
 
Fig. 1.12. A schematic diagram of the electrochemical reactions and transport processes 
in the DMFC using (a) anion exchange membrane and (b) cation exchange membrane. 
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However, carbon dioxide poisoning remains as a common issue to be solved in 
present research level, even though the alkaline fuel cell with anion exchange 
membrane has the possibility that would enable a cell to run reducing the carbon 
dioxide poisoning, as there would be no free potassium cations to which the carbonate 
anions could be reacted. Nevertheless, DMAFC system can be expected to use in air by 
systematic approach such as an application of membrane with selectivity of CO2 and the 
design of system for reducing the problems by carbon dioxide poisoning [89-92]. 
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1.5 Summary and Overview of the Work 
 
1.5.1 Summary 
 
In this chapter, fundamental aspect of fuel cell and development of non-Pt catalysts 
in polymer electrolyte fuel cell are introduced. 
 
Fuel cell, especially polymer electrolyte fuel cell, has been attracting attention as a 
promising alternative energy conversion device and has been researched to apply in 
various fields. However, Platinum metal, which is widely used as the electrocatalyst in 
polymer electrolyte fuel cell, is expensive, and its limited supply poses a serious 
problem in commercialization of the fuel cell technology. 
Many studies have been carried out to reduce the Pt content of fuel cell 
electrocatalysts or to replace it with a less expensive material. Especially, platinum-free 
catalysts for oxygen reduction, such as metal oxides, chalcogenides, inorganic and 
organometallic complexes, non-platinum metal combinations, have been studied. 
Though they generally exhibit a lower catalytic activity, recent studies on Pd-based 
electrocatalysts show that they have remarkable activities for oxygen reduction. 
Various synthesis methods of nanostructured catalysts in fuel cell have been 
developed because the atomic composition and the microstructure of multimetallic 
electocatalysts have influence on the electrocatalytic activity in fuel cell.  
Researchers have proposed alternative approaches, such as direct methanol alkaline 
fuel cell (DMAFC) using anion exchange membrane (AEM), to improve the 
performance of DMFC because DAMFC system is advantages in many respects 
compare with acidic fuel cell.  
 
From these research backgrounds, Pd-based catalysts as a candidate for non-Pt 
catalysts, especially using ultrasonic irradiation method, and DMAFC system as an 
evaluation system are selected.  
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1.5.2 Short Overview of the Main Chapters 
 
The goal of this study is to develop new non-Pt catalysts as ORR catalysts. This 
work has proceeded by stages. The first phase is a survey to select candidates for 
prospective catalyst. The second phase is the preparation of practical catalyst for 
application to fuel cell. Final phase is an evaluation of performance of the prepared 
catalyst in fuel cell.   
 
Chapter 2 describes studies on synthesis of Pd-Sn nanoparticles by using ultrasonic 
irradiation and their electrocatalytic activity for oxygen reduction reaction in alkaline 
media as a survey to select candidates for prospective catalyst. 
 
In chapter 3, a study on synthesis of carbon-supported Pd-Sn catalysts by using 
ultrasonic irradiation to apply to fuel cell is described as the phase to preparation of 
practical catalyst for application to fuel cell. 
 
Chapter 4 describes a potentiality of the PdSn/C catalysts prepared by using 
ultrasonic irradiation as oxygen reduction catalysts in passive DMAFC using anion 
exchange membrane is presented. A feasibility study on passive DMAFC using Pt/C 
catalysts is also presented to investigate availability of DMAFC system. 
 
Finally, the results obtained from chapter 2 to chapter 4 are summarized and the 
prospect ion of this study will be presented in chapter 5. 
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2.1 Introduction  
 
The direct methanol fuel cell (DMFC) is expected to become the first 
commercially available mobile fuel cell for small electric devices, because of the high 
theoretical energy density and the advantages of the use of liquid fuel. However, the 
currently available DMFC systems contain technical problems, such as low 
electrocatalytic activity and methanol crossover [1]. Moreover, the DMFC requires a 
greater catalyst loading than the polymer electrolyte membrane fuel cell (PEMFC). 
Platinum metal, which is widely used as the electrocatalyst in DMFC, is expensive, and 
its limited supply poses a serious problem in commercialization of the fuel cell 
technology [2]. Thus, it is important to reduce the cost of catalyst in DMFC. The 
cathode catalyst in DMFC is also required to be highly active for oxygen reduction 
reduction (ORR) and methanol tolerant.  
 
The ORR at palladium, as that at platinum, undergoes the four-electron pathway, 
and the electrocatalytic activity of palladium is second to that of platinum. Moreover, 
Pd metal does not exhibit electrocatalytic activity for methanol. Because these 
characteristics of palladium fulfill requirements as an oxygen reduction catalyst, 
Pd-based catalysts are thought to be a promising candidate as non-Pt catalysts. 
 
Table 2.1. Pd-based catalyst prepared by various preparation methods. 
 
 
 
Activity: similar to Pt, MeOH tolerant
Activity: Pd-Co/C higher than Pt/CImpregnation                         Pd, Au, Ag-Co/C
Activity: higher than sputtered Pt, stableSputtering                                28wt% Pd-Co
Chemical reduction                10wt% Pd3Co/C
Preparation method              Catalyst             Results
Reverse microemulsion            Pd-Co-Au
RF sputtering                          Pd/Co, Ni, Cr
Impregnation           Pd/C, Vulcan(V)
Electrodeposition Pd-Au
Activity: lower than Pt
Activity: Pd/V higher than Pd/C
Activity: lower that Pt, MeOH tolerant
Activity: higher than bulk Au, unstable
[3]
[4]
[5]
[6]
[7]
[8]
[9]
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Pd-based electrocatalysts with various compositions and preparation methods have 
been reported [3-9]. Pd-based catalyst prepared by various preparation methods are 
summarized in Table 2.1. Although their performances are yet lower than the 
performance of Pt-based catalyst, a few recent research studies show the results that the 
performance of some Pd-based catalysts is similar to that of Pt catalyst [3, 5, 8]. 
Pd-based catalysts have higher methanol tolerant than Pt catalyst. The preparation of 
tertiary alloy has been attempted to improve stability of catalysts.  
 
I have attempted to synthesize non-Pt catalysts using ultrasonic irradiation, in view 
of the known fact that the ultrasonic reduction method generates noble metal 
nanoparticles with a much smaller size, a larger surface area, and a narrower size 
distribution than those prepared by other methods [10].  
 
 
In this chapter, the synthesis of Pd-Sn nanoparticles by applying ultrasonic 
irradiation at various preparation conditions and evaluation of their electrocatalytic 
activity for oxygen reduction in alkaline media are presented. The effects of citric acid 
and ethanol in the synthesizing solution on the physical properties and electrocatalytic 
activity of the Pd-Sn nanoparticles in alkaline media were also investigated to obtain an 
optimum electrocatalytic activity for oxygen reduction.  
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2.2 Experimental 
 
2.2.1 Preparation of Pd and Pd-Sn Nanoparticles  
 
To prepare Pd-Sn nanoparticles, Pd(NH4)2Cl4 and SnCl2 were dissolved in an 
aqueous ethanol solution containing citric acid as the stabilizing agent for the resulting 
particles. Nanoparticles of pure Pd were also prepared in the absence of Sn2+ ion for 
comparative purposes.  
Pd-Sn nanoparticles were prepared in solutions with various concentrations of Sn2+ 
ion (0.01, 0.03, 0.04, 0.08 mM), while the Pd2+ ion concentration in solution was kept 
constant at 0.02 mM for the synthesis of Pd-Sn nanoparticles with various molar ratios 
of Pd and Sn. To investigate the effect of the initial concentration of Pd2+ ion, Pd-Sn 
nanoparticles were prepared in solution with various Pd concentrations (0.05, 0.2 and 1 
mM), where the constant molar ratio of Pd to Sn was kept at 1:1. Pd-Sn nanoparticles 
were also prepared in solutions with various concentrations of citric acid (0, 2, 4, 6 and 
10 mM) and ethanol (0, 10, 25, 50 vol %).  
 
Ultrasonic irradiation was performed with a collimated 20 kHz beam from a 
ceramic transducer with a titanium amplifying horn (13 mmØ, Branson Sonofier 450D) 
directly immersed in the solution and operated with an input power of 42 Wcm-2 for 2 
hours. The horn was vertically positioned 3 cm above the cell bottom. The power of 
ultrasound was determined by adiabatic measurement of the temperature rise of 
sonicated water. The solution temperature was kept constant in an ice bath during 
sonolysis. 
 
 
 
 
 
 
 
 
 
Fig. 2.1. Schematic diagram of the ultrasonic irradiation experiment 
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2.2.2 Characterization of Pd and Pd-Sn Nanoparticles  
 
The shape and size of Pd and Pd-Sn particles were observed using transmission 
electron microscopy (TEM, JEM‐1011 operated at 100 kV). Specimens for TEM 
examination were prepared by placing a drop of Pd or Pd-Sn colloidal dispersion onto a 
carbon-coated copper grid, followed by natural evaporation of the solvent at room 
temperature.  
The evaluation of the electronic structure of nanoparticles was carried out by X-ray 
photoelectron spectroscopy (XPS, JPS-9010TR) with Mg Kα radiation. The electron 
binding energy of the XPS was referenced to the C1s spectrum at 284.5 eV. XPS 
intensities were calculated by integrating peak areas after background subtraction.  
Atomic force microscopy (AFM) images were acquired with in the tapping mode 
under ambient conditions with a Dimension 3100 (NanoscopelV). Silicon cantilevers 
with a spring constant (23Nm−1) were used at resonance frequency (272 kHz). 
The acidity of the irradiated solution was measured by a pH meter (Horiba, ion 
meter N-8F). 
 
The electrocatalytic activity of the prepared catalysts for oxygen reduction was 
investigated in oxygen saturated 0.5 M KOH using a three-electrode electrochemical 
cell in order to evaluate their electrocatalytic activity. The counter electrode was a 
platinum coil, and the reference electrode was an Ag/AgCl electrode, respectively. 
Indium-doped tin oxide (ITO) electrodes modified with Pd or Pd-Sn nanoparticles were 
prepared as a working electrode according to the procedure reported previously [11].  
 
 
Fig. 2.2. Schematic diagram for the preparation of electrodes modified with Pd-Sn 
nanoparticles. 
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Fig. 2.2 shows a schematic diagram of the preparation process for the ITO 
electrodes modified with Pd or Pd-Sn nanoparticles. The ITO electrodes were first 
rinsed with ethanol and distilled water, and then, they were immersed in 1M KOH for 
30 minutes to clean the surface and to make it OH-terminated. Next, the electrodes were 
rinsed with distilled water and dried. The KOH-pretreated ITO electrodes were 
immersed into a dehydrated toluene solution containing 2.5 wt% of 3-amino 
propyl-triethoxysilane (APS) at room temperature for 6 hours. Subsequently, the ITO 
electrodes were cleaned with ethanol and then dried. The polymerization process of 
APS was accelerated by drying for 10 minutes at 100 °C. Finally, the APS modified 
ITO electrodes were immersed in 30 ml of a citrate-stabilized solution of Pd-Sn 
nanoparticles for 24 hours. 
 
The linear sweep voltammetry was recorded at a 10 mV s-1 cathodic sweep 
between 0 and -0.6 V vs. Ag/AgCl at room temperature, in order to evaluate the 
electrocatalytic characteristics for the ORR. 
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2.3 Results and Discussion 
 
2.3.1 Characterization of Pd and Pd-Sn Nanoparticles  
 
Upon ultrasonic irradiation, the color of the mixed solution of Pd(NH4)2Cl4 and 
SnCl2 turned dark brown. This observation indicates that Pd (II) and Sn (II) ions were 
reduced to Pd-Sn metal nanoparticles by ultrasonic irradiation.  
 
The shape and size of Pd and Pd-Sn nanoparticles in the colloidal solutions and 
their distribution were investigated using transmission electron microscopy (TEM). Fig. 
2.3 (a) shows that the Pd-Sn nanoparticles were about 3~5 nm in average diameter, and 
they were highly dispersed. Also, the electron diffraction pattern of Pd-Sn nanoparticles 
shown in Fig. 2.3 (b) reveals that they have an fcc structure. It implies that ultrasonic 
irradiation method is an effective method to form nanoparticles. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3. (a) TEM micrograph of Pd-Sn nanoparticles prepared in solution with the 
composition of [Pd(NH4)2Cl4]: [SnCl2] =1:1, [citric acid] = 4 mM, and EtOH 10 vol%, 
(b) electron diffraction pattern of (a). 
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To investigate the electrocatalytic activity of the prepared Pd or Pd-Sn 
nanoparticles under ultrasonic irradiation, electrodes modified with Pd or Pd-Sn 
nanoparticles were prepared using the APS-functionalized ITO electrodes. The 
roughness factor of APS/ITO is 4.8 nm, while APS/ITO electrode immobilized with 
Pd-Sn nanoparticles is 6.9 nm. These results indicate that the prepared nanoparticles are 
immobilized on APS/ITO electrode. Atomic force microscopy (AFM) pictures show the 
aggregation of small nanoparticles on the APS-functionalized ITO electrode (Fig. 2.4). 
It is thought that the 3D structure of nanoparticles on an APS/ITO electrode was formed 
by electrostatic interaction of the protonated amino group of self-assembled APS and 
the negatively charged nanoparticles although the negatively charged colloidal particles 
repulse one another [11-13].  
 
Nevertheless, Ballarin et al. reported that the CV parameters of APS/ITO electrode 
immobilized with gold nanoparticles are similar to that of Au/ITO electrode [13]. This 
implies that the modification of APS on ITO electrode does not affect on the evaluation 
of electrocatalytic activities of nanoparticles. Thus, electrocatalytic activities of the 
prepared nanoparticles for oxygen reduction were evaluated in oxygen-saturated 0.5 M 
KOH solution using ITO electrodes modified with each nanoparticle.  
 
Fig. 2.4. AFM images obtained from (a) ITO, (b) APS-modified ITO, and (c) 
Pd-Sn NPs immobilized APS-modified ITO electrode surface. 
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Fig. 2.5 shows linear scan voltammograms (LSVs) of Pt, Pd and Pd-Sn 
nanoparticles. All LSV curves show a peak at about -0.2 ~ -0.25 V, which are 
diffusion-controlled as the peak currents were found to be proportioned to the square 
root of scan rate. The current for ORR observed at voltammograms is seen to be larger 
for Pd-Sn nanoparticles than for Pd and Pt nanoparticles. The LSV curves for the Pd-Sn 
nanoparticles also show a more positive onset potential than for Pd and Pt nanoparticles. 
The half-wave potential of Pd-Sn nanoparticles was about -0.15 V, while those of Pd 
and Pt nanoparticles were about -0.18 V. These results show that the electrode modified 
with Pd-Sn nanoparticles has a higher ORR activity than those with Pd and Pt 
nanoparticles in alkaline media. Apparently, the addition of Sn promotes the ORR at the 
Pd surface. The numbers of electron transferred (n) for ORR calculated from the slope 
of the Koutechy-Levich plots for Pd-Sn nanoparticles is 3.94. It indicates that oxygen 
reduction reaction at Pd-Sn nanoparticles mostly proceeds through the four electron 
pathway. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5. Linear scan voltammograms of Pt (), Pd () and Pd-Sn () nanoparticles in 
an oxygen-saturated KOH solution (scan rate: 10 mV/s) Pt (2~3 nm, 0.13 mg cm-2), Pd 
(4~5 nm, 0.15 mg cm-2), Pd-Sn (3~5 nm, 0.13 mg cm-2). 
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The high ORR activity of Pd-Sn nanoparticles can be explained by alloy effect. 
The increase of the d vacancies with tin by the formation of alloy of Pd and Sn allows 
an increase of O2 adsorption energy due to the donation from O2 2pi orbital to vacancies 
Pd 5dz2 orbital. Then, O-O bond is weakened and that results in the enhanced ORR 
activty.  
The high ORR activity of Pd-Sn nanoparticles is also explained by Bard group’s 
theory. Bard group suggested the thermodynamic principles assuming a simple 
mechanism where one metal breaks the oxygen-oxygen bond of molecular O2 and the 
other metal acts to reduce the resulting adsorbed atomic oxygen [5]. From their theory, 
the ORR enhances by coupling a good oxygen bond cleaving metal with a second metal 
that is more efficient for adsorbed oxygen atom reduction. Sn is located in the second 
metal region. That is, it is easy to reduce the adsorbed atomic oxygen on Sn. The 
existence of Sn can be thought to lead to enhance the electrocatalytic activity of Pd-Sn 
nanoparticles.  
 
Two slopes were also observed in the Tafel plot for each of the three 
electrocatalysts. The results are in agreement with those in the literature [7, 14]. The 
two Tafel slopes were -81 and -108 mV decade-1 for the Pt electrocatalyst and -61 and 
-103 mV decade-1 for the Pd electrocatalyst, respectively. The Tafel slopes for the 
Pd-Sn nanoparticles were -57 and -97 mV decade-1. The Tafel slopes for the Pd-Sn 
nanoparticles were slightly smaller than those for Pd and Pt electrocatalysts. These 
results indicate that the mechanism of ORR at Pd-Sn nanoparticles is likely to be similar 
to that at Pt and Pd nanoparticles. The transition potential from the low Tafel slope to 
the high Tafel slope for Pd-Sn nanoparticles is was found to be 20 mV higher than the 
corresponding potential at Pt nanoparticles. The transition from the low Tafel slope to 
the high Tafel slope is related to the formation of surface oxides by the reaction of H2O 
with Pt and Pd [14]. The higher transition potential for the Pd-Sn nanoparticles indicates 
that the addition of Sn affects the formation of Pd oxide. Accordingly, the change in Pd 
oxide formation by Sn would result in higher electrocatalytic activity toward ORR of 
Pd-Sn nanoparticles than those of Pt and Pd nanoparticles.  
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Fig. 2.6. Tafel plots for ORR on Pt (), Pd () and Pd-Sn () nanoparticles in an 
oxygen-saturated KOH solution (scan rate: 10 mV/s) Pt (2~3 nm, 0.13 mg cm-2), Pd 
(4~5 nm, 0.15 mg cm-2), Pd-Sn (3~5 nm, 0.13 mg cm-2). 
 
 
Fig. 2.7 shows catalytic activities of Pt, Pd and Pd-Sn nanoparticles for ORR in O2 
saturated KOH solution containing 1 M methanol. Comparison with Fig. 2.5 shows that 
the oxygen reduction current at Pt nanoparticles decreases and their onset potential 
shifts in the negative direction in the presence of methanol. The significant increase in 
overpotential for the ORR on pure Pt is due to the competitive reaction between oxygen 
reduction and methanol oxidation [15]. This fact indicates that Pt nanoparticles are not 
tolerant to methanol. Pd nanoparticles show a lower overpotential than Pt nanoparticles. 
This result indicates that Pd metal is more tolerant than Pt to the poisonous effect of 
methanol on the ORR activity [7]. Moreover, both the magnitude of ORR current and 
the onset potential at Pd-Sn nanoparticles remained by the addition of methanol. Pd-Sn 
nanoparticles exhibited a high methanol tolerance during the ORR in contrast to pure Pt 
and Pd catalysts.  
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Fig. 2.7. Linear scan voltammograms of Pt (), Pd () and Pd-Sn () nanoparticles in 
an oxygen-saturated KOH solution containing 1 M methanol (scan rate: 10 mV/s) Pt 
(2~3 nm, 0.13 mg cm-2), Pd (4~5 nm, 0.15 mg cm-2), Pd-Sn (3~5 nm, 0.13 mg cm-2). 
 
 
Markovíc and Ross reported that a significant enhancement of the activity of the Pt 
surface by modification with either Ru or Sn due to the very strong ensemble effects 
observed with Ru or Sn-modified surfaces [16]. Lamy et al. reported that Pt-Sn catalysts 
enhance the oxidation of CO to a larger extent than Pt-Ru [17]. L. Jiang et al. presented 
that the poisoning by CO on Pt-Sn catalysts is greatly reduced because Sn (or its oxides) 
supplies OH species for the oxidative removal of CO-like species strongly adsorbed on 
adjacent Pt sites [18]. Sn has smaller OH adsoption energy than that of Pd. The supply 
of OH species of Sn leads to the oxidative removal of CO-like species. Thus, the 
addition of Sn in Pd-Sn nanoparticles gives CO tolerant surface. The enhanced ORR 
activity of Pd nanoparticles is thought that the less CO poisoning surface is formed by 
the addition of Sn in the presence of methanol. 
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2.3.2 Effect of Molar Ratio of Pd to Sn in Solution   
 
Pd-Sn nanoparticles were prepared in solutions with various molar ratios of Pd to 
Sn. The electronic structure of the surface of the nanoparticles was evaluated by X-ray 
photoelectron spectroscopy (XPS), and the results are shown in Fig. 2.8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.8. XPS spectra of (a) Pd 3d level and (b) Sn 3d level of nanoparticles prepared 
from solutions containing only Pd () and with different molar ratio of Pd to Sn; 2:1 
(), 1:1 (), 2:3 (). 
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The Pd 3d levels of Pd-Sn nanoparticles exhibit the binding energies of 340.5 eV 
(3d3/2) and 335.2 eV (3d5/2), which are essentially equal to those of metallic palladium 
[19, 20]. This agreement indicates that the Pd in the Pd-Sn nanoparticles prepared in this 
work was mostly in the metallic state. Also, the binding energy of Pd 3d levels of Pd-Sn 
nanoparticles was found to slighly shift to a higher value in proportion to the content of 
Sn. This result implies that the addition of Sn has an influence on the electronic 
structure of Pd in Pd-Sn nanoparticles by the alloy formation of Pd and Sn. It has been 
reported that the reducing radicals do not disperse in solution at low concentration, but 
diffuse onto the formed Pd nanoparticles and polarize cathodically (double-layer 
charging). Then, the Sn ions around Pd nanoparticles were reduced by the reducing 
radicals or the accumulated electrons on the surface of Pd. The parts of post-reduced Sn 
atoms form the alloy with Pd. However, the Sn 3d level of Pd-Sn nanoparticles exhibits 
only the binding energy of 486.7 eV (3d5/2), which is due to Sn oxide. The binding 
energy of Sn is not observed in 485 eV, which is corresponded to metal Sn. From these 
results, it seems that some part of Sn, which does not form alloy with Pd, exists in tin 
oxide form not in metal form.  
 
The electrocatalytic activity of the prepared catalysts for ORR was investigated in 
alkaline media. Fig. 2.9(a) shows linear scan voltammograms for Pd-Sn nanoparticles 
prepared in solutions with various molar ratios of Pd to Sn in an oxygen-saturated 0.5 M 
KOH solution. Fig. 2.9 (b) presents a plot of the current density at -0.15 V against the 
Sn to Pd molar ratio of Pd-Sn nanoparticles. As the molar ratio of Pd to Sn was 
increased up to 2:3, the onset potential of nanoparticles shifted in the positive direction. 
Comparison of the current densities at -0.15 V reveals that the Pd-Sn nanoparticles 
prepared in the solution with the Pd:Sn molar ratio of 2:3 exhibit the highest ORR 
activity.  
According to references [21, 22], the electronic stabilization effect of alloying 
element in alloys may lead to enhancement of catalytic activity resulting from a 
synergetic effect based on the inter-ionic bonding theory. Ota et al. also reported the 
density of state (DOS) at the Fermi level decreased by filling of the Pd d-band upon 
alloying Pd with 3d-transition metals. The decrease in the DOS inhibited the formation 
of Pd oxide and should contribute to the improvement of the ORR activity [7]. However, 
the peak current at Pd-Sn nanoparticles decreases with increasing the amount of Sn 
beyond some contents. The enhancement of catalytic activity for ORR decreases with 
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increasing Sn content because of the effect of Sn oxide in Pd-Sn nanoparticles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
  
 
 
 
 
 
 
Fig. 2.9. (a)Linear scan voltammograms of Pd-Sn nanoparticles prepared from solutions 
with different molar ratio of Pd to Sn; 2:1 (), 1:1 (), 2:3 () and Pd () in an 
oxygen-saturated 0.5 M KOH solution (scan rate: 10 mV/s), (b) the current density at 
-0.15 V vs. Ag/AgCl according to molar ratio of Sn to Pd. 
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2.3.3 Effect of the Initial Concentration of Pd  
 
Pd-Sn nanoparticles were prepared in solutions with various initial concentrations 
of Pd. Fig. 2.10 illustrates the TEM images of the prepared Pd-Sn nanoparticles. The 
Pd-Sn nanoparticles prepared in the solution containing 0.05 mM Pd2+ ion measured 3-5 
nm in diameter, and they were well dispersed (Fig. 2.10 (a)). On the other hand, the size 
of Pd-Sn nanoparticles prepared in 1 mM Pd2+ ion solution was as large as 10 nm in 
diameter, and the particles were aggregated (Fig. 2.10 (b)). The three carboxyl anions of 
the citric acid can adsorb on the metal particles and exert either hydrophobic or 
columbic effects on the metal particles during reduction process, which stabilizes them 
[23]. This result indicates that the lower excess of citric acid on the metal surface at the 
high Pd concentration destabilizes the nanoparticles. The destabilization of 
nanoparticles also results in the large particle at high Pd concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.10. TEM morphology of Pd-Sn nanoparticles prepared in the solution with initial 
concentration of (a) 0.05 mM and (b)1 mM [Pd(NH4)2Cl4]; ([Pd(NH4)2Cl4]: [SnCl2] 
=1:1, [citric acid] = 4 mM, ethanol = 10 vol%). 
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2.3.4 Effect of the Content of Citric Acid  
 
To investigate the effect of the amount of citric acid, Pd-Sn nanoparticles were 
prepared in solutions with various amounts of citric acid. Fig. 2.11 shows TEM images 
of the Pd-Sn nanoparticles prepared from solution with various concentrations of citric 
acid, i. e. 1 mM and 10 mM. Aggregates of Pd-Sn nanoparticles were observed at low 
concentrations of citric acid. On the other hand, the nanoparticles were highly dispersed 
at high citric acid concentrations. These results are consistent with the TEM results 
obtained with the Pd-Sn nanoparticles synthesized at various initial concentrations of Pd. 
This finding implies that the relative amount of citric acid on the metal surface 
influences the state of dispersion of Pd-Sn nanoparticles.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.11. TEM morphology of Pd-Sn nanoparticles prepared in the solution with 
concentration of citric acid (a) 1 mM and (b) 10 mM; ([Pd(NH4)2Cl4] = 0.2 mM, 
[Pd(NH4)2Cl4]: [SnCl2] =1:1, ethanol = 10 vol%). 
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Fig. 2.12. (a)Linear scan voltammograms of Pd-Sn nanoparticles prepared from 
solutions with different concentrations of citric acid; 1 mM (), 2 mM (), 4 mM () 
and 6mM () in an oxygen-saturated 0.5 M KOH solution (scan rate: 10 mV/s), (b) the 
current density at -0.15 V vs. Ag/AgCl according to concentration of citric acid. 
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Electrocatalytic activities of the prepared catalysts for oxygen reduction were 
evaluated. Fig. 2.12 (a) shows linear scan voltammograms for the Pd-Sn nanoparticles 
prepared at various concentrations of citric acid in an oxygen-saturated 0.5 M KOH 
solution. Fig. 2.12 (b) presents plots of the current density at -0.15 V against the 
concentration of citric acid. As the citric acid concentration was increased from 1 mM 
to 2 mM, the onset potential shifted in the positive direction and the peak current 
increased. On the other hand, as the citric acid concentration was increased further, the 
peak potential shifted in the negative direction and the peak current decreased. This 
result indicates that the amount of citric acid affects the electrocatalytic activity of 
Pd-Sn nanoparticles, and it is important to optimize the concentration of citric acid as 
the stabilizer.  
The electrocatalytic activity of Pd-Sn nanoparticles at 1 mM of citric acid is 
simular to that at 10 mM of citric acid. As shown in the previous TEM images, the 
increase of concentration of citric acid results in the increase of particle size. However, 
small particle size effect is reduced by the aggregates of unstablized small nanoparticles 
at 1 mM of citric acid. On the other hand, the Pd-Sn nanoparticles were about 10 nm in 
average size and highly dispersed at 10 mM of citric acid. The well-dispersive condition 
offset the disadvantage of large particles size. Thus, the prepared nanoparticles at 2 mM 
or 4 mM of citric acid with good dispersion and small particle size exibit the high 
electrocatalytic activity. Accordingly, the electrocatalytic activity of Pd-Sn 
nanoparticles toward ORR is considered to be largely influenced by the average particle 
size and their dispersion. 
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Based on these results, the scheme for the effect of citric acid concentration on the 
stability and electrocatalytic activity of Pd-Sn nanoparticles is illustrated in Fig. 2.13.  
 
 
Fig. 2.13. Schematic illustration of the effect of citric acid concentration on dispersion 
of Pd-Sn nanoparticles. 
 
At a low concentration of citric acid(in case of a), unstable nanoparticles are 
aggregated because of the insufficient amount of citric acid present on the metal surface. 
As the surface area is decreased by the formation of aggregates, the electrocatalytic 
activity is decreased. On the other hand, at a high concentration of citric acid(in case of 
c), citric acid molecules cover the entire surface of the Pd-Sn nanoparticles with a 
concomitant decrease in the exposed surface area and hence in the electrocatalytic 
activity. Thus, it is important to optimize the amount of citric acid on the metal surface 
in order to obtain a high electrocatalytic activity of Pd-Sn nanoparticles.  
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The solutions containing Pd-Sn suspensions were subjected to pH measurement to 
understand the role of citric acid. The dependence of pH of the irradiated solutions on 
the concentration of citric acid is shown in Fig. 2.13. Curve (a) was obtained with 
irradiated solutions containing various concentrations of citric acid, while curve (b) was 
obtained when citric acid was added to the irradiated solutions. Both curves show that 
the solution pH decreased with increasing concentration of citric acid, while the extent 
of change in pH of the irradiated solution (curve (a)) was larger than that caused by the 
addition of citric acid after irradiation (curve (b)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.14. Variation of pH with citric acid concentration for (a) irradiated solutions and 
for (b) solutions to which citric acid was added after irradiation. 
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Okitsu et al. proposed the mechanism of sonochemical reduction of Pd2+ ions to Pd 
nanoparticles in water by using ultrasonic irradiation as follows [24].  
 
 
 
 
 
 
 
 
 
where the symbol of ))) indicates the action of ultrasonic irradiation. RH denotes 
radicals scavenger, which is a protective agent such as surfactant or alcohol. R• is the 
secondary radical and R’ is the deprotonated form. Water molecules are dissociated into 
primary hydrogen radicals (H•) and hydroxyl radicals (OH•) during the sonolysis of 
water (reaction [2.1]). R• species are formed by hydrogen abstraction from RH with OH 
radicals and H radicals (reaction [2.2]). These reducing species subsequently react with 
Pd ions and Sn ions to form Pd-Sn metal particles (reaction [2.3] and [2.4]).  
 
The variance of pH indicates that the number of protons produced increases as the 
formation of Pd-Sn nanoparticles increases in the presence of citric acid. Based on these 
experimental results, it is concluded that citric acid acts as the reducing agent in the 
formation of Pd-Sn nanoparticles in addition to serving as the stabilizer. 
 
 
 
 
 
 
 
 
 
 
 
H2O → •H  +  •OH                                                              [2.1]  
RH +  •OH (•H) → R• + H2O (H2)                                             [2.2]
nM2+ + 2n H• → (M(0))n + 2nH+ [2.3]
nM2+ + 2n R• → (M(0))n + 2nR’ + 2nH+ [2.4]
(M: Pd and Sn)
)))
)))
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2.3.5 Effect of Ethanol Content  
 
The effect of ethanol as a reaction accelerator for the formation of Pd-Sn 
nanoparticles was investigated. Fig. 2.15 shows TEM images of the Pd-Sn nanoparticles 
prepared from solution with various contents of ethanol. Aggregates of small 
nanoparticles were observed when no ethanol was added, whereas the nanoparticles 
prepared in 50 vol% EtOH measured up to 5-6 nm in diameter, and they were highly 
dispersed. This result is consistent with the report that particle size of nanoparticles 
increases as the amount of ethanol is increased [25]. This indicates that the particles 
continue to grow for a longer period of time in the solution containing a larger amount 
of ethanol, because the reaction is accelerated by the addition of ethanol.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.15. TEM images of Pd-Sn nanoparticles prepared in the solution with contents of 
ethanol (a) 0 vol% and (b) 50 vol%; ([Pd(NH4)2Cl4] = 0.2 mM, [Pd(NH4)2Cl4]: [SnCl2] 
=1:1, [citric acid] = 4 mM). 
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Fig. 2.16 shows UV-vis spectra of Pd-Sn nanoparticles prepared from solutions 
with different amounts of ethanol recorded 2 hours after the addition of ethanol. Fig. 
2.16 (a) shows that Pd2+ ions remain to be unchanged at nearly 380 nm during the 2 hr 
period. This result shows that the formation reaction of nanoparticles is incomplete in 
the absence of ethanol within 2 hours. On the other hand, Pd2+ ions were not observed in 
the presence of ethanol after the same period of time (Fig. 2.16, curves (b)-(c)). These 
results show that the formation of nanoparticles was completed in the same reaction 
time, because ethanol accelerated the reduction of Pd2+ ions to nanoparticles.  
TEM and UV results show that the particle size can be controlled by selecting the 
optimal amount of reaction accelerator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.16. UV-vis spectra of Pd-Sn nanoparticles prepared from solutions with different 
amounts of ethanol; (a) 0 vol% (), (b) 10 vol% () and (c) 50 vol% () EtOH.   
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2.4 Conclusions 
 
In this chapter, nanoparticles of Pd-Sn were successfully synthesized by using 
ultrasonic irradiation, and their electrocatalytic activity was evaluated in alkaline media. 
The Pd-Sn nanoparticles prepared under ultrasonic irradiation showed a better ORR 
activity than Pt and Pd nanoparticles in alkaline media in the absence of methanol. 
Moreover, the Pd-Sn nanoparticles showed a higher ORR activity than Pt in the 
presence of 1 M methanol. The molar ratio of Pd to Sn metal ions in the synthesizing 
solution, their initial concentrations, the concentration of ethanol, which increases 
primary hydrogen radicals during sonolysis, and the concentration of citric acid were 
found to affect the size distribution of the Pd-Sn nanoparticles. Therefore, those factors 
are important to controll the electrocatalytic activity for ORR. Particularly, the 
concentration of citric acid was found to be important for controlling the surface 
property on Pd-Sn particles to adjust the electrocatalytic activity for ORR. 
 
Based on these results, nanoparticles of Pd-Sn prepared by using ultrasonic 
irradiation can be expected as a promising oxygen reduction catalyst in alkaline media. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Chapter 2 
 
 63
References 
 
[1] L. Zhang, J. Zhang, D.P. Wilkinson and H. Wang, J. Power Sources, 156 (2006) 171. 
[2] J.G. Liu, T.S. Zhao, R. Chen and C.W. Wong, Electrochem. Commun., 7 (2005) 288. 
[3] E. Mustain, K. Kepler and J. Prakash, Electrochem. Commun., 8 (2006) 406. 
[4] J.L. Fernandez, V. Raghuveer, A. Manthiram and A.J. Bard, J. Am. Chem. Soc., 127 
(2005) 13100. 
[5] J.L. Fernandez, D.Walsh and A.J. Bard, J. Am. Chem. Soc., 127 (2005) 357.  
[6] J. Moreira, P. del Angel, A.L. Ocampo, P.J. Sebastián, J.A. Montoya and R.H. 
Castellanos, Int. J. Hydrogen Energy, 29 (2004) 915. 
[7] K. Lee, O. Savadogo, A.Ishihara, S. Mitsushima, N. Kamiya, and K. Ota, J. 
Electrochem. Soc., 153 (2006) A20. 
[8] O. Savadogo, K. Lee, K. Oishi, S. Mitsushima, N. Kamiya and K.-I. Ota, 
Electrochem. Commun., 6 (2006) 105. 
[9] Y. Shen, L. Bi, B. Liu and S. Dong, New J. Chem., 27 (2003) 938. 
[10] K. Vindgopal, Y. He, M. Ashokkumar and F. Grizer, J. Phys. Chem. B, 110 (2006) 
3849. 
[11] J. Park, T. Momma and T. Osaka, Electrochim. Acta, 52 (2007) 5914. 
[12] K.C. Grabar, K.R. Brown, C.D. Keating, S.J. Stranick, S.-L. Tang and M.J. Natan, 
Anal. Chem., 69 (1997) 471. 
[13] B. Ballarin, M.C. Cassani, E. Scavetta and D. Tonelli, Electrochim. Acta, 53 (2008) 
8034. 
[14] A. Bolzan, M.E Martins and A.J. Arvia, J. Electroanal. Chem., 207 (1986) 279. 
[15] H. Yang, N. Alonso-Vante, C. Lamy and D. L. Akins, J. Electrochem. Soc., 152 
(2005) A704. 
[16] N.M. Markovíc and P.N. Ross Jr., Surf. Sci. Rep., 45 (2002) 117. 
[17] C. Lamy, S. Rousseau, E.M. Belgsir, C. Coutanceau and J.M. Léger, Electrochim. 
Acta, 49 (2004) 3901. 
[18] L. Jiang, G. Sun, S. Sun, J. Liu, S.Tang, H. Li, B. Zhou, Q. Xin, Electrochim. 
Acta 50 (2005) 5384. 
[19] C.D. Wagner, W.M. Riggs, L.E. Davis, J.F. Moulder and G.E. Muilenberg, 
Handbook of X-Ray Photoelectron Spectroscopy, Perkin-Elmer Corporation Physical 
Electronics Division, Eden Prairie, MN (1979) 82. 
[20] M. Krawczyk and J.W. Sobczk, Appl. Surf. Sci., 235 (2004) 49. 
  
Chapter 2 
 
 64
[21] M.M. Jaksic, Electrochim. Acta, 45 (2000) 4085. 
[22] M.M. Jaksic, J. New, Mat. Electrochem. Syst., 3 (2000) 153. 
[23] M. Ozkar and R.G. Finke, J. Am. Chem. Soc,. 124 (2002) 5796. 
[24] K.Okitsu, H. Bandow and Y. Maeda, Chem. Mater., 8 (1996) 315. 
[25] K.Okitsu, A. Yue, S. Tanabe and H. Matsumoto, Chem. Mater., 12 (2000) 3006. 
 
 
  
 
Chapter 3 
 
Synthesis of Carbon-supported 
Pd-Sn Catalysts 
by using Ultrasonic Irradiation
  
Chapter 3 
 
 67
3.1 Introduction 
 
In chapter 2, Pd-Sn nanoparticles were prepared under ultrasonic irradiation, and 
their activities toward the oxygen reduction reaction (ORR) have been evaluated in 
alkaline solution by using indium-doped tin oxide (ITO) electrodes modified with Pd-Sn 
nanoparticles. The Pd-Sn nanoparticles prepared under ultrasonic irradiation showed a 
better ORR activity than Pt and Pd nanoparticles in alkaline media in the absence of 
methanol. Moreover, the Pd-Sn nanoparticles showed a higher ORR activity than Pt in 
the presence of 1 M methanol. In addition, it was suggested that the electrocatalytic 
activity for ORR can be improved as the particle size and the dispersion of Pd-Sn 
nanoparticles are controlled by the initial metal ion concentration, the amount of ethanol 
and the amount of citric acid as a stabilizer. The results obtained from chapter 2 show 
that the nanoparticles of Pd-Sn prepared by using ultrasonic irradiation works as an 
oxygen reduction catalyst in alkaline media and the ultrasonic reduction method is 
expected to be a promising method of catalyst preparation for the fuel cell.  
 
Few researches on the formation of nanoparticles by sonochemistry for the use as 
fuel cell catalysts have been reported [1], and moreover the nanoparticles are required to 
support on carbon for the practical application to fuel cell.  
 
In this chapter, the possibility of utilizing ultrasonic irradiation for the preparation 
of carbon-supported metal catalyst by incorporating supporting carbon particles in the 
synthesis solution was discussed. The potentiality of carbon-supported Pd-Sn catalyst as 
the oxygen reduction catalyst in alkaline media prepared under ultrasonic irradiation 
using the preparation condition, which was optimized in chapter 2, was demonstrated. 
In addition, an establishment of a one-pot method for synthesizing carbon-supported 
Pd-Sn (Pd-Sn/C) catalyst under ultrasonic irradiation and evaluation of its 
electrocatalytic activity for oxygen reduction in alkaline media was shown.  
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3.2 Experimental 
 
3.2.1 Preparation of Pd/C and Pd-Sn/C catalysts   
 
To prepare Pd-Sn/C catalyst, Vulcan XC-72R (Cabot Corp.) was used as a carbon 
support. Carbon-supported Pd (Pd/C) catalyst was prepared in the absence of Sn for 
comparison. The synthesizing solution for preparation of Pd-Sn/C catalysts is kept at the 
constant ratio of citric acid concentration to concentration of metal ion, which is the 
same preparation condition obtained from chapter 2. 
 Fig. 3.1 illustrates the procedure of synthesizing Pd-Sn/C catalyst. Method 1 uses 
one-step ultrasonification, while method 2 uses two-step ultrasonification for sequential 
reduction, in which the sources of the two metals are added separately into the 
synthesizing solution. 
 
Fig. 3.1. Schematic diagrams for the preparation of carbon supported Pd-Sn catalysts by 
(a) one-step ultrasonification (method 1) and (b) sequential reduction (method 2) 
(Pd(NH4)2Cl4 = 0.0267 g, SnCl2 = 0.016 g, citric acid = 10 mM, 10 % ethanol). 
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For method 1, 0.08 g of Vulcan XC-72R was added with constant stirring into an 
aqueous 10 vol% ethanol solution and prepared by dissolving metal salts (0.0267 g of 
ammonium tetrachloropalladate and 0.016 g of tin chloride) and 10 mM citric acid as 
the stabilizing agent. This mixture was then irradiated by ultrasound. For method 2, 
Vulcan XC-72R was added with constant stirring into an aqueous ethanol solution 
prepared by dissolving tin chloride and citric acid as the stabilizing agent. After 
ultrasonification, an ammonium tetrachloropalladate solution was added into the 
irradiated solution. This solution was subjected to the second sonication process.  
Ultrasonic irradiation was performed with a collimated 20 kHz beam from a 
ceramic transducer with a titanium amplifying horn (13 mmØ, Branson Sonofier 450D) 
directly immersed in the solution and operated with an input power of 42 Wcm-2 for 2 
hours. The horn was vertically positioned 3 cm above the cell bottom. The power of 
ultrasound was determined by adiabatic measurement of the temperature rise of 
sonicated water. Temperature of the solution was kept constant in an ice bath during 
sonolysis. 
The irradiated solution with the prepared Pd-Sn/C catalysts was placed overnight 
to precipitate Pd-Sn/C catalysts. The prepared Pd-Sn/C catalysts were recovered by a 
centrifuge. All catalyst samples were washed with a large amount of H2O and dried at 
50 ºC overnight. 
 
 
3.2.2 Characterization of Pd/C and Pd-Sn/C Catalysts  
 
The shape and size of the Pd/C and Pd-Sn/C catalysts were observed using 
transmission electron microscopy (TEM, JEM‐1011 operated at 100 kV). Specimens 
for TEM examination were prepared by placing a drop of Pd/C or Pd-Sn/C catalyst 
dispersed in ethanol onto a carbon-coated copper grid, followed by natural evaporation 
of the solvent at room temperature.  
The metal loading of the catalysts was determined by inductively coupled 
plasma-optical emission spectrometer (ICP-OES). As a pretreatment of ICP 
measurement, the metals loaded on carbon were dissolved in mixed acid (HNO3 : HCl = 
1 : 3) at 50 ºC, and then the solution was filtered and diluted with a distilled water. A 
CHN analyzer (Flash EA 1112) was used to determine the amount of carbon in the 
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synthesized catalysts. The stabilizer remaining in the catalysts was determined by 
thermogravimetric analysis (TGA).  
The electronic structure of the catalysts was evaluated by X-ray photoelectron 
spectroscopy (XPS, JPS-9010TR) with Mg Kα radiation. The electron binding energy 
of the XPS was referred to the C1s peak at 284.5 eV. XPS intensities were calculated by 
integrating peak areas after background subtraction. The X-ray diffraction (XRD) 
measurements were carried out on a RINT-TTRIII (Rigaku Co., Japan) using Cu Kα 
radiation (λ = 0.154 nm), which was operated at 50 kV and 100 mA. The 2θ angular 
regions between 20 º and 85 º were explored at a scan rate of 2 º min-1. 
 
Electrocatalytic activities of the prepared catalysts for oxygen reduction were 
investigated in an oxygen saturated alkaline solution using a three-electrode 
electrochemical cell. The counter electrode was a platinum coil, and the reference 
electrode an Ag/AgCl. The working electrode was fabricated by casting a catalyst ink 
onto a glassy carbon electrode (10 mm in diameter). The ink was prepared by dispersing 
5 mg of catalyst into 40 vol% ethanol aqueous solution. Linear sweep voltammetry 
(LSV) and rotating disk electrode (RDE) measurements were performed in 0.5 M KOH 
at a scan rate of 10 mVs-1. All electrochemical measurements were carried out at room 
temperature. All electrode potentials measured by an Ag/AgCl reference electrode were 
converted to a reversible hydrogen electrode scale (RHE). 
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3.3 Results and Discussion 
 
3.3.1 Characterization of Pd/C and Pd-Sn/C Catalysts  
 
TEM images of Pd/C and Pd-Sn/C catalysts are shown in Fig. 3.2. From the 
images, metallic particles were confirmed to be precipitated on the surface of carbon. 
The particles of Pd/C catalyst is about 15 nm in average diameter (Fig. 3.2 (a)). On the 
other hand, the Pd-Sn/C catalysts prepared by method 1 (Fig. 3.2 (b)) and method 2 (Fig. 
3.2 (c)) have average in diameter of about 3-5 and 5-10 nm, respectively, though some 
large aggregates were observed. It is clearly seen that Pd-Sn/C catalyst is smaller in 
particle size compared with the Pd/C catalyst. It seems that the catalyst size would be 
decreased by the alloy formation of palladium with tin. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2. TEM micrographs of (a) Pd/C catalyst, Pd-Sn/C catalyst prepared (b) by 
one-step ultrasonification (method 1), and (c) by sequential reduction (method 2) 
(Pd(NH4)2Cl4 = 0.0267 g, SnCl2 = 0.016 g, citric acid = 10 mM in 10 % ethanol 
aqueous solution). 
50nm50nm
(a) (b)
50nm
(c)
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The metal loadings of catalysts were measured by ICP. Fig. 3.3 shows the Pd and 
Sn contents in Pd-Sn/C catalyst depending on the ultrasonification time after addition of 
Pd ion in each preparation method. Total ultrasonification time in method 1 is the same 
period as ultrasonification time after addition of Pd ion because Pd and Sn ions are 
simultaneously irradiated. On the other hand, total ultrasonification time is the sum of 
the first ultrasonification time for Sn ion pre-reduction and the following 
ultrasonification time after addition of Pd ion in method 2. In preparation of Pd-Sn/C 
catalyst by method 2, ultrasonification time for Sn ion pre-reduction is kept for 2hours.  
 
  
Fig. 3.3. Pd and Sn contents in Pd-Sn/C catalyst depending on the ultrasonification time 
in each preparation method (Total ultrasonification time of method 1 is the same 
ultrasonification time after the addition of Pd ion. In case of method 2, ultrasonification 
time is ultrasonification time after the addition of Pd ion and is not included the 
ultrasonification time for Sn ion pre-reduction. Pre-reduction time for Sn is 2hr in 
method 2). 
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All prepared Pd-Sn/C catalysts by each preparation method show that Pd content is 
large than Sn content. The high Pd content can be explained by the fact that Pd is easier 
to reduce than Sn because the standard oxidation/reduction potential of Pd(NH4)2Cl4 is 
0.64 V, and that of SnCl2 is -0.14 V [2]. 
 
However, Pd-Sn/C catalysts prepared by the two methods exhibit different Pd to 
Sn ratios. In case of 2hr of ultrasonification time for Pd ion reduction, the metal 
loadings of Pd-Sn/C catalysts prepared by method 1 and method 2 are approximately 
the same, 11.8 wt% and 12.1 wt%, respectively. The Pd to Sn ratio of Pd-Sn/C catalysts 
prepared by method 1 is about 2.5, while that prepared by method 2 was about 1.7. That 
is, the Pd-Sn/C catalyst prepared by method 2 contains a larger amount of Sn than that 
prepared by method 1. The reason for this difference can be attributed to the difference 
in preparation processes. Pd and Sn metals should be deposited on carbon 
simultaneously in method 1, whereas in method 2 stepwise reduction of Pd and Sn 
metal ions to respective metals takes place on carbon, i.e., Sn ions are reduced before Pd 
ions by the first ultrasonification. This is believed to be the reason why the catalyst 
prepared by method 2 with the stepwise reduction had a larger Sn content than that 
prepared by method 1. 
 
Nevertheless, the metal contents, especially those of tin, in these catalysts cannot 
be explained only by the fact that ultrasonification procedure was used. The Pd-Sn/C 
catalysts by each method were prepared varying ultrasonification time. The Pd-Sn/C 
catalysts prepared by the two methods showed different trends of Sn loading in 
proportion to ultrasonification time. Tin content decreased in the catalyst prepared by 
method 1 according to ultrasonification time, while that in the catalyst prepared by 
method 2 increased in proportion to the ultrasonification time. These results imply that 
the two methods precede by different deposition mechanisms. 
 
The experimental results about the catalyst prepared by each preparation method 
during 2hr of ultrasonification time after adding Pd ion will be presented and discussed 
in the following. 
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The composition of Pd-Sn/C and Pd/C catalyst derived by using CHN analyzer is 
summarized in Table 3.1. The Pd-Sn/C catalysts by each method exhibit larger oxygen 
contents than that of Pd/C catalysts. Moreover, the Pd-Sn/C catalysts by method 2, 
which have large Sn contents, exhibit larger oxygen contents than that of the Pd-Sn/C 
catalysts by method 1. This indicates that the addition of Sn results in an increase of 
oxygen contents. 
 
 
Table 3.1. The composition of Pd-Sn/C and Pd/C catalysts measured by CHN 
analyzer. All samples have 2hr of ultrasonification time for Pd ion reduction. The total 
ultrasonification time Pd/C and Pd-Sn/C catalyst prepaered by method 1 are 2hr. In case 
of Pd-Sn/C catalyst prepared by method 2, total ultrasonification time is 4hr, which is 
included 2hr of the ultrasonification time for Sn ion reduction. 
 
 
The stabilizer contents of the catalysts were determined by TGA. TGA curves of 
the catalysts are shown Fig. 3.4. Pd/C and Pd-Sn/C catalysts exhibit weight loss in the 
vicinity of 150 ºC. The typical weight loss is not observed in the Pd/C catalysts prepared 
in solution without citric acid, while the weight loss is occurred in the Pd/C catalysts 
prepared in the presence of citric acid. From these results, the weight loss at about 150 
ºC is considered as weight loss corresponding to the decomposition of citric acid. The 
TGA curves indicate that citric acid used as the stabilizer remained by the amount 
corresponding to about 2 ~ 4 % in Pd/C and Pd-Sn/C catalysts. The Pd-Sn/C catalyst 
exhibited a larger weight loss than that of Pd/C catalyst. In addition, the catalysts 
showed different contents of residual citric acid depending on the preparation method. 
The Pd-Sn/C catalysts by method 2, which have large Sn contents, exhibit contents of 
residual citric acid in catalyst than that of the Pd-Sn/C catalysts by method 1. These 
results imply that the content of residual citric acid in carbon-supported catalysts is 
related to the composition of catalysts, especially the tin content. 
C H O Metal loading
Method 1 80.8 0.5 6.4 12.1
Method 2 79.1 0.5 8.4 11.8
Pd 80.2 0.3 5.7 13.7
Pd-Sn/C
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To investigate the effect of the remaining citric acid, Pd-Sn/C catalysts were 
prepared in the presence and in the absence of citric acid, respectively. The Pd-Sn/C 
catalysts prepared in presence of citric acid exhibit high electrocatalytic activity for 
ORR compared to that of Pd-Sn/C prepared in absence of citric acid, even though they 
have about 2 ~ 4 % of citric acid. This can be explained as the citric acid improves the 
dispersion of catalysts on carbon. The improved electrocatalytic activity can be 
expected by removing the remaining citric acid in catalysts by heat treatment or other 
methods. However, the decrease of electrocatalytic activity is also anticipated because 
an increase of the particle size is indispensable during the heat treatment to remove the 
citric acid. Accordingly, the experimental results about catalyst without the heat 
treatment in this study will be discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4. TGA curves for Pd/C catalyst prepared (a) in the absence of citric acid and (b) 
in the presence of citric acid and Pd-Sn/C catalyst prepared (c) by one-step 
ultrasonification (method 1), and (d) by sequential reduction (method 2).  
 
 
 
 
50 100 150 200 250 300 350 400 450
93
94
95
96
97
98
99
100
101
 
W
ei
gh
t l
o
ss
 
/ %
Temperature / °C 
(a)
(b)
(c)
(d)
  
Chapter 3 
 
 76
Fig. 3.5 shows XRD patterns of the as-prepared Pd/C and Pd-Sn/C catalysts. The 
Pd/C catalyst showed fcc peaks of Pd [3]. The Pd-Sn/C catalyst prepared by method 1 
also showed a typical fcc pattern with a slight positive shift in diffraction angles with 
respect to those of Pd/C catalyst. This indicates that the lattice of Pd is contracted due to 
partial displacement of Pd by Sn. This result is supported by the small size of Pd-Sn/C 
observed by TEM. However, the Pd-Sn/C catalyst prepared by method 2 did not show 
minor peaks corresponding to the fcc structure, although the broad major Pd (111) peak 
was observed. This result is attributed to incomplete phase development because the 
sample was not thermally treated. XRD patterns of Pd-Sn/C electrocatalysts also 
showed peaks corresponding to tin oxides. This implies that a part of tin exists in the 
form of oxide, while the remainder of Sn forms an alloy with Pd [4].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5. XRD patterns for as-prepared (a) Pd/C catalyst and Pd-Sn/C catalyst (b) 
prepared by one-step ultrasonification (method 1), and (c) prepared by sequential 
reduction (method 2) (Pd(NH4)2Cl4 = 0.0267 g, SnCl2 = 0.016 g, citric acid = 10 mM in 
10 vol% aqueous ethanol solution). 
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The electronic structure of the surface of Pd/C and Pd-Sn/C catalysts was 
evaluated by X-ray photoelectron spectroscopy (Fig. 3.6 and Fig. 3.7). The Pd 3d levels 
of Pd/C and Pd-Sn/C catalysts show those of metallic palladium (340.5 eV (3d3/2) and 
335.2 eV (3d5/2)) and palladium oxide (342.4 eV (3d3/2) and 337.1 eV (3d5/2)) [5, 6]. 
Pd in Pd/C and Pd-Sn/C catalysts are in the forms of metal and oxide, though a larger 
portion of Pd exists in the metallic form. This result does not agree with the previous 
result that the Pd in the Pd-Sn nanoparticles was mostly in the metallic state [7]. It is 
known that electrons are transferred from metal microdeposits to carbon in a 
carbon-supported metal–catalyst system [8]. Contour et al. reported that the specific 
metal–support interaction is through electron transfer from platinum clusters to oxygen 
atoms of the surface of the support in the carbon-supported platinum polymer 
electrolyte membrane fuel cell (PEMFC) catalyst [9]. It could be explained that Pd 
oxide in carbon-supported catalysts is caused by interaction of Pd with oxygen atoms on 
the carbon surface. In addition, the Sn 3d level of Pd-Sn nanoparticles exhibited the 
binding energy of 486.7 eV (3d5/2), which is due to Sn oxide.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.6. XPS spectra of Pd 3d level of Pd/C catalyst () and Pd-Sn/C catalysts. The 
latter catalysts were prepared by (b) one-step ultrasonification (method 1, ) and (c) 
sequential reduction (method 2, ). 
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Fig. 3.7. XPS spectra of Sn 3d level of Pd/C catalyst () and Pd-Sn/C catalysts. The 
latter catalysts were prepared by (b) one-step ultrasonification (method 1, ) and (c) 
sequential reduction (method 2, ) 
 
The composition of Pd-Sn/C catalyst derived by using the XPS and ICP methods is 
summarized in Table 3.2. Both results showed that the Pd-Sn/C catalysts prepared by 
method 1 contained a large amount of Pd than Sn. However, the calculated surface 
atomic ratios by XPS measurement showed that the Pd-Sn/C catalyst prepared by 
method 2 contained a larger amount of Sn than Pd. That result is contrary to the ICP 
result. This result indicates that the Pd-Sn/C catalyst prepared by method 2 has a larger 
tin content on the surface than in the bulk.  
 
Table 3.2. Atomic ratio of palladium to tin in Pd-Sn/C catalyst calculated by XPS and 
ICP methods (method 1 is one-step ultrasonification and method 2 is two-step 
ultrasonification). 
482 484 486 488 490 492 494 496 498
Binding Energy / eV
(a)
(b)
(c)
Pd Sn Pd/Sn Pd Sn Pd/Sn
Method 1 56.7 43.3 1.31 71.7 28.3 2.53
Method 2 30.6 69.4 0.44 60.2 39.8 1.68
Pd 100 - - 100 - -
XPS ICP
  
Chapter 3 
 
 79
Kan et al. reported that Au/Pd bimetallic nanoparticles prepared by successive 
method have structure in which less reductive Pd atom exist on the Au [10], which is 
agreed with my results. Sn ions reduce to Sn particles during the first ultrasonification. 
During the second irradiation, the reduction of Pd ions to Pd atoms and the 
displacement of Sn atoms occur. As the irradiating time increases, the sonochemical 
reduction of Sn ions begins to dominate because most Pd ions are reduced. It has been 
reported that the reducing radicals do not disperse in solution at low concentration, but 
diffuse onto the formed Pd nanoparticles and polarize cathodically (double-layer 
charging) [11]. Then, the Sn ions around Pd nanoparticles were reduced by the reducing 
radicals or the accumulated electrons on the surface of Pd. The parts of post-reduced Sn 
atoms form the alloy with Pd. In addition, Roman-Martinez et al. reported that Pt-Sn/C 
catalysts have a high surface atomic ratio of Sn to Pt because of the segregation of the 
second metal [12]. It is likely that the Pd-Sn/C catalyst also has a high surface atomic 
ratio of Sn to Pd. 
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3.3.2 Electrocatalytic Activities of Pd/C and Pd-Sn/C Catalysts 
  
Electrocatalytic activities of the prepared catalysts for oxygen reduction were 
investigated in oxygen-saturated 0.5 M KOH. Fig. 3.8 shows linear scan 
voltammograms of Pd/C and Pd-Sn/C catalysts prepared by the two methods. All linear 
sweep voltammogram (LSV) curves show two peaks at about 0.8 V and 0.65 V vs. RHE, 
which are diffusion-controlled as the peak currents were found to be proportioned to the 
square root of scan rate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8. Linear scan voltammograms for the as-prepared (a) Pd/C, and Pd-Sn/C 
catalysts prepared by (b) one-step ultrasonification (method 1) and (c) sequential 
reduction (method 2) in oxygen-saturated 0.5 M KOH (scan rate: 10 mV/s). 
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To assign the peaks, the electrocatalytic activity for ORR of Pd-Sn nanoparticles, 
which were not supported on carbon, was evaluated. The oxygen reduction peak on 
Pd-Sn nanoparticles is observed at about 0.8 V vs. RHE (-0.2 V vs. Ag/AgCl). The 
numbers of electron transferred (n) for ORR calculated from rotating disk electrode 
experiments for Pd-Sn nanoparticles is 3.94. It indicates that oxygen reduction reaction 
at Pd-Sn nanoparticles mostly proceeds through the four-electron pathway. From these 
results, the peaks at about 0.8 V vs. RHE (-0.2 V vs. Ag/AgCl) are thought as the 
oxygen reduction peak on Pd-Sn catalyst. The peak in vicinity of about 0.65 V vs. RHE 
(-0.35 V vs. Ag/AgCl) is also confirmed as the peak corresponding to ORR on carbon 
surface from the electrochemical measurement using carbon black.   
Ticianelli et al. reported that the peroxide mechanism is operative at the carbon 
substrate, and that the four-electron reaction takes place at the platinum in alkaline 
media [13]. They reported that the four-electron mechanism predominates at the catalyst 
with more than 20 % of platinum on carbon. The results apparently indicate that oxygen 
reduction occurred both on the catalyst and on the carbon substrate, because the metal 
loading on carbon is less than about 15 %.  
 
The LSV curves for the Pd-Sn/C catalyst show a larger current of oxygen reduction 
and a more positive onset potential than for the Pd/C catalyst, meaning that the Pd-Sn/C 
catalyst has a higher ORR activity than the Pd/C catalyst in alkaline media. These 
results indicate that the addition of Sn enhances the oxygen reduction reaction on Pd. 
Onset potential of Pd-Sn/C catalysts exhibits about 0.9 V vs. RHE is similar to that of 
Pt/C catalysts and is more positive than that of Ag/C catalysts, which were reported by 
Coutanceau at al.[14]. This implies that the Pd-Sn/C catalyst prepared by using 
ultrasonic irradiation can be expected as a promising ORR catalyst in alkaline media. 
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Fig. 3.9 shows the total metal (Pd and Sn) and Pd mass activity of the prepared 
catalysts expressed in terms of mA µg -1 at 0.80 V vs. RHE (-0.2 V vs. Ag/AgCl) in 0.5 
M KOH. The Pd mass activity of Pd-Sn/C is about 2.4 and 2.9 times greater, for the 
catalysts prepared by method1 and 2, respectively, than that of Pd/C catalyst. It is 
thought that a small particle size and an electronic stabilization of the alloying element 
in the alloy leaded to the enhancement of catalytic activity due to a synergic effect [15].  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9. Total metal (Pd+Sn) and Pd mass activities of Pd/C, and Pd-Sn/C catalysts 
prepared by one-step ultrasonification (method 1) and sequential reduction (method 2) 
for the ORR expressed in terms of mA µg -1 at 0.8 V vs. RHE (-0.2 V vs. Ag/AgCl). 
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Two Tafel slopes were also observed for all electrocatalysts investigated in this 
study. The results are in agreement with the literature [16, 17]. The catalytic mechanism 
for ORR at the Pd-Sn/C catalyst is likely to be similar to that at the Pd/C catalyst. The 
low and high Tafel slopes were -59 and -122 mV decade-1, respectively, for the Pd/C 
catalyst. The Tafel slopes of the Pd-Sn/C prepared by method 1 and method 2 are -51 
and -103 mV decade-1 and -48 and -110 mV decade-1, respectively. The Tafel slopes of 
the Pd-Sn/C catalyst are smaller than those of the Pd/C catalyst. This finding indicates 
that the Pd-Sn/C catalyst has a higher electrocatalytic activity for ORR than the Pd/C 
catalyst, because the addition of Sn affects the formation of Pd oxide. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.10. Tafel plots for ORR on (a) Pd/C and Pd-Sn/C catalysts prepared by (b) 
method 1 and (c) by method 2, scan rate: 1 mV/s. 
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Fig. 3.11 shows LSV curves for oxygen reduction at disk electrodes recorded at 
various rates of rotation. The Pd-Sn/C catalyst prepared by method 2 (Fig. 3.11(b)) 
showed a larger limiting current density than the Pd/C catalyst (Fig. 3.11(a)) in spite of 
the same catalyst loading. This result indicates that at the Pd-Sn/C catalyst, the ORR 
reaction involves a larger number of electrons than that at the Pd/C catalyst.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.11. Linear potential scan curves of (a) Pd/C and (b) Pd-Sn/C catalysts prepared 
by method 2 recorded at rotating disk electrodes in O2 saturated 0.5 M KOH at various 
rotation rates. (Scan rate: 10 mV/s) 
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Levich plots of the prepared Pd/C and Pd-Sn/C catalysts are shown in Fig. 3.12. Id 
values obtained at 0.5 V vs. RHE were used in Fig. 3.12. It is seen that the Levich plot 
of Pd/C and Pd-Sn/C catalysts yielded straight lines with different slopes. The Pd-Sn/C 
catalyst showed a larger number of electrons for ORR than the Pd/C catalyst. This result 
implies that Sn content affects the number of electrons involved in the ORR at the 
catalysts.  
Fig. 3.12 shows that the intercepts (ω1/2→ 0) of the Levich lines are not exaxtly 
zero as pedicted by Levich equation, but rather they assum values close to 0.3 ~ 0.4 
mAcm-2. These must correspond to the currents of double charging of the composite 
electrode not included in Levich equation, which containes contributions from the 
carbon disk electrode and carbon black with the large surface area is used as the carbon 
support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.12. Levich plots for the ORR on (a) Pd/C and (b and c) Pd-Sn/C catalysts. 
Pd-Sn/C catalysts were prepared by (b) one-step ultrasonification (method 1) and (c) 
sequential reduction (method 2) in oxygen-saturated 0.5 M KOH; scan rate: 10 mV/s, 
Current was measured at 0.5 V vs. RHE (-0.5 V vs. Ag/AgCl). 
 
 
 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0 10 20 30 40 50
ω1/2 / rpm1/2
Cu
rr
en
t /
 
m
A
 
cm
-
2
a)
b)
c)
  
Chapter 3 
 
 86
Fig. 3.13 shows the numbers of electron transferred (n) for ORR calculated from 
the slope of the Koutechy-Levich plots for all catalysts. 
 
I-1 = Id -1 + IK-1                                          [3.1] 
Id = 0.620nFADo2/3ω1/2υ−1/6Co2∗                                          [3.2]   
IK = nFAK ΓÅ~íCo2∗                                        [3.3] 
 
where Id (A) is the diffusion-limited current for the electrode reaction of reactive species, 
and IK (A) is the kinetic current for the reaction of reactive species at the electrode 
surface. n (mol -1) is the number of electrons transferred per O2 molecule, F is the 
Faraday constant (96500 C mol-1), A (cm2) is the electrode area (0.785 cm2), Do (cm2 
s-1) is the oxygen diffusion coefficient in 0.5 mol L-1 KOH ( = 1.68 · 10-5 cm2 s-1), ω 
(s-1) is the rotation rate, υ (cm2 s-1) is the kinematic viscosity of 0.5 mol L-1 KOH 
(0.01064 cm2 s-1), Co2∗ (mol cm-3) is the concentration of O2 in 0.5 mol L-1 KOH at 25 
ºC (=1.031 · 10-6 mol L-1) [18]. K (M-1 s-1) is the rate constant for O2 reduction, and ΓÅ~í 
(mol cm-2) is the quantity of catalyst on the surface of the electrode.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.13. Electron transfer numbers (n) of ORR on Pd/C and Pd-Sn/C catalysts 
prepared by method 1 and method 2. The n numbers were calculated from the slope of 
Koutechy-Levich plots at 0.7 V and 0.5 V vs. RHE (-0.3 V and -0.5 V vs. Ag/AgCl), 
respectively. 
Potential / V vs. RHE
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0.7 V 0.5 V
N
u
m
be
r 
o
f e
le
ct
ro
n
s
Pd/C
PdSn/C (method1)
PdSn/C (method2)
N
u
m
be
r 
o
f e
le
ct
ro
n
s
  
Chapter 3 
 
 87
The n value for ORR at Pd/C for ORR is 3.5, while the n value of the Pd-Sn/C 
catalysts prepared by method 1 and method 2 are 3.7 and 3.8, respectively. The Pd-Sn/C 
catalyst showed a larger number of electrons for ORR than the Pd/C catalyst. That is, 
the four-electron reaction of ORR is more favorable on Pd-Sn/C catalyst than on Pd/C 
catalyst. Especially, the n values for the Pd/C catalyst and the Pd-Sn/C catalyst in the 
low potential region, e.g. 0.7 V vs. RHE, are 2.3 and 3.2, respectively. As already 
mentioned, the two-electron reaction of ORR at the carbon substrate is more favorable 
at low metal loadings on carbon. However, the addition of Sn to Pd/C catalyst makes 
the four-electron reaction more favorable than the two-electron reaction at the carbon 
surface.   
 
Based on these results, it can be stated that the ORR activity of Pd-Sn/C catalyst is 
enhanced its increased surface area resulting from its small particle size, and that the 
addition of Sn increase the number of electrons involved in the ORR reaction.  
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3.4 Conclusions 
 
The Pd-Sn/C catalyst was successfully synthesized by ultrasonic irradiation of the 
solution containing metal ions and carbon support, and its electrocatalytic activity was 
evaluated in alkaline media. The Pd-Sn/C catalyst has better ORR activity than the Pd/C 
catalyst in alkaline media. The enhanced ORR activity is attributed to the effect of small 
particle size and the electronic interaction of Pd and Sn. In addition, the addition of Sn 
promotes the four-electron reaction of ORR on the catalyst surface more than 
two-electron reaction on the carbon surface at low metal loading catalyst. Although the 
ORR on the catalyst metal was not the total reaction in these experiments, a complete 
4e- reaction of ORR can be achieved by preparing a high metal loading catalyst with 
heat treatment.  
 
Based on these results, the Pd-Sn/C catalyst prepared by using ultrasonic 
irradiation is expected as a promising ORR catalyst in alkaline media. 
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4.1 Introduction 
 
In chapter 3, carbon-supported Pd-Sn (Pd-Sn/C) catalyst was successfully 
synthesized by ultrasonic irradiation. The prepared Pd-Sn/C has higher oxygen 
reduction reaction (ORR) activity than carbon-supported Pd (Pd/C) catalyst in alkaline 
media. It is found that small particle size of Pd-Sn/C and the alloy effect of Pd and Sn 
improve their high ORR activity. In addition, Pd-Sn/C catalysts have large number of 
electron for ORR, compared to that of Pd/C. These results indicate that Sn influences 
both the kinetics and the mechanism of ORR. From the results of chapter 3, the Pd-Sn/C 
catalyst prepared by ultrasonic irradiation can be expected as a promising ORR catalyst 
in alkaline media.  
 
Several studies have reported on the dissolution of the transition metals in the alloy 
catalysts upon exposure to acids, although some of the alloys have been found to exhibit 
a higher electrocatalytic activity than pure metals as oxygen reduction catalysts [1,2]. 
Wieckowski et al. reported that the cobalt metal in Pt3Co alloy catalyst dissolved in 
acidic media, whereas it was stable in alkaline media [3]. As mentioned in chapter 1, 
alkaline media has many advantages in aspect of electrocatalytic kinetics and system. 
The kinetics of both oxygen reduction and methanol oxidation reactions are more 
favorable in alkaline media than in acidic media. Therefore, a non-Pt catalyst can be 
used in alkaline media. In addition, it seems possible to suppress the methanol crossover 
in direct alkaline methanol fuel cell. Thus, the management of water would be easy to 
perform in this system.  
Researchers have suggested alternative approaches, such as direct methanol 
alkaline fuel cell (DMAFC) using anion exchange membrane (AEM) to improve the 
performance of DMFC, even though the DMAFC system has the demerit of CO2 
absorption. Many recent works on the development of DMAFC using anion exchange 
membrane (AEM) were focused on the fabrication of membranes [4-6] and application 
of various fuels, such as ethylene glycol and sodium borohydride [7-9]. Yu and Scott 
reported feasibility study on development of DMAFC [10]. Slade and coworkers carried 
out a study on developing alkaline AEM for applications in low temperature portable 
direct methanol fuel cells (DMFCs) [4]. Ogumi and coworkers reported DMFCs and 
direct ethylene glycol fuel cells using AEM. Their results present that the use of AEM in 
fuel cells can broaden the choice of the liquid fuels at the anode in direct alcohol fuel 
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cells [7].  
 
The objective of this chapter is to investigate potentiality of Pd-Sn/C catalysts as 
ORR catalysts in passive DMAFC. This chapter consists of two parts. At first, a 
feasibility study on passive DMAFC applying AEM using commercial Pt/C catalyst was 
presented to confirm the avaliability as an evaluation system. The effects of methanol 
concentration and electrode structure in anode on performance of passive DMAFC were 
also investigated. Then, I evaluated the performance of membrane electrode assembly 
(MEA) with Pd-Sn catalyst, which was reported to have a high electrocatalytic activity 
for oxygen reduction reaction (ORR) and a high tolerance for methanol in chapter 3, in 
order to examine the possibility for an application of a non-Pt catalyst.   
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4.2 Experimental 
 
4.2.1 Preparation of Carbon-supported Pd-Sn Catalyst (Pd-Sn/C) 
 
Pd-Sn/C catalyst as a non-Pt catalyst was prepared by applying ultrasonic 
irradiation method. 0.06 g of Vulcan XC-72R was added with constant stirring into an 
aqueous 10 vol% ethanol solution and prepared by dissolving metal salts (0.0534 g of 
Pd(NH4)2Cl2 and 0.032 g of SnCl2) and 20 mM citric acid as a stabilizing agent. The 
synthesizing solution for preparation of Pd-Sn/C catalysts is kept at the constant ratio of 
citric acid concentration to concentration of metal ion, which is the same preparation 
condition obtained from chapter 3.  
This mixture was irradiated by ultrasound. Ultrasonic irradiation was performed 
with a collimated 20 kHz beam from a ceramic transducer with a titanium amplifying 
horn (13 mmØ, Branson Sonofier 450D) directly immersed in the solution and operated 
with an input power of 42 Wcm-2 for 2 hours.  
The irradiated solution with the prepared Pd-Sn/C catalysts was placed overnight 
to precipitate Pd-Sn/C catalysts. The prepared Pd-Sn/C catalysts were recovered by a 
centrifuge, washed with a large amount of H2O and dried at 50 ºC overnight. 
 
 
4.2.2 Evaluation of Methanol Permeability of Membrane 
 
Two well-stirred reservoirs (20 ml) were separated by the membrane material 
(membrane cross section area: 0.785 cm2) under test. One reservoir was filled with 
methanol and the other with de-ionized water. Each membrane was soaked in a 20 vol% 
methanol solution for 20 min at room temperature. Small aliquots (10 µl) of solution 
were withdrawn from reservoirs with de-ionized water in every 4 minutes. Each 
experiment was repeated three times to ensure reproducibility. The permeated Methanol 
concentration was determined by gas chromatography (GL science, GC323N) with FID 
detector.  
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4.2.3 Preparation of membrane electrode assembly (MEA)  
 
Carbon-supported PtRu (PtRu/C) catalysts (54.4 wt% on Ketjen black, Pt:Ru=1:1, 
TKK Co.) for anode and carbon-supported Pt (Pt/C) catalysts (47.2 wt% on Vulcan 
XC-72R, TKK Co.) for a cathode were used. In addition, Pd-Sn/C catalysts were used 
as a cathode catalyst to investigate the potentiality for application of a non-Pt catalyst.  
Fig. 4.1 shows the procedure of preparation of catalyst ink. Each catalyst was 
suspended in mixture of 2-ethoxyethanol and anion exchange ionomer (Tokuyama Co.), 
and then stirred to form homogeneous catalyst ink.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1 Procedure of preparation of catalyst ink 
 
MEAs were comprised of catalyst-coated electrode and an AEM (thickness: 28 µm, 
ion exchange capacity: 1.9 mmole g-1, Tokuyama Co.) Non-coated carbon paper 
(TGP-060T, Toray) and Teflon coated carbon paper (TGPH-060, Toray) were used as a 
gas diffusion electrode in anode and cathode, respectively. Each catalyst ink was coated 
on carbon paper using a spray method. The catalyst loading at the anode and cathode 
were 2 mgPt cm-2. The MEAs for a unit cell test were prepared by hot-pressing (120 °C, 
2 MPa for 10 min) the anode and cathode layers onto both sides of a pretreated AEM. 
Carbon supported catalyst 
H2O
Binder solution
Stirring for 2hr
2-ethoxyethanol
Stirring for overnight
Sonication for 30min
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MEA with Nafion® 117 (Du-Pont) was also prepared for comparative purposes. To 
prepare the catalyst layer, the desired amounts of the catalysts and Nafion solution (5 
wt%, Aldrich) were mixed. Then, electrodes were prepared by the same process as 
mentioned. The MEAs were prepared by hot-pressing (135 °C, 2 MPa for 10 min). 
 
 
4.2.4 Evaluation of Performance in Passive DMFCs 
 
The prepared MEAs were operated in passive type cell (Fig. 4.2). The prepared 
MEA was sandwiched between two gold meshes as current collector. A methanol 
solution tank of 15 ml was built in the anode fixture. Methanol diffused into the anode 
catalyst layer from the tank through the anode current collectors, while oxygen 
transferred into the cathode catalyst layer from the surrounding air through the cathode 
current collectors by natural convection. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2. Passive type cell for direct methanol fuel cell 
 
I-V curve measurements were performed with a galvanostat (Hokuto Denko, 
HA-501G). Each measurement was started after the methanol solution was poured in 
the cell for 30 minutes. The cell voltage was recorded after setting up the current for 3 
minutes to stabilize the voltage. The passive DMFC operated at ambient temperature. 
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Electrochemical impedance measurements were carried out with a polarization 
system (Hokuto Denko HZ-3000). The measurements were conducted at the various DC 
bias by applying an alternating voltage (10 mV) and varying the frequency of the 
alternating voltage from 10 kHz to 10 mHz. 
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4. 3 Results and Discussion 
 
4.3.1 Comparison of Cell Performance of AEM and Nafion using Pt/C Cathode 
 
A passive DMAFC with AEM catalyst was operated using PtRu/C catalyst and 
Pt/C catalyst as anode catalyst and cathode catalyst. Fig. 4.3 (a) illustrates the 
voltage–current density and the power density–current density curves of passive DMFC 
with AEM. Those of cell using Nafion® 117 were shown in Fig. 4.3 (b) for the 
comparison.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3. Polarization curves of (a) MEA with anion exchange membrane (AEM) 
(anode : PtRu/C, 1.8 mgcm−2, anionic ionomer: 28 % ; cathode : Pt/C, 2.0 mgcm−2 , 
anionic ionomer: 27 %), and (b) MEA with Nafion (anode : PtRu/C, 1.8 mgcm−2, 
Nafion: 23 % ; cathode : Pt/C, 2.0 mgcm−2 , Nafion: 33%) in the various concentration 
of MeOH (0.5 M (and ), 1 M ( and ), 2 M ( and )) (in case of AEM, MeOH 
solution contains 1 M KOH). 
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Open circuit voltages (OCVs) of cell with AEM exhibit a vicinity of 0.6 V and the 
OCVs of cell with Nafion are close to 0.5V in various methanol concentration. The high 
OCV in cell with AEM is considered to represent low concentration at cathode due to 
low methanol permeability of AEM. The experimental results for methanol permeability 
of each membrane confirmed that AEM has about 20% of methanol permeability in 
Nafion® 117 membrane, although the thickness of AEM is one-fifth, compared to 
Nafion® 117 membrane (Fig. 4.4, Table 4.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4. The concentration of methanol permeated through membranes depending on 
time; (a) AEM, (b) Nafion® 112, (c) Nafion® 115 and (d) Nafion® 117. 
 
 
Table 4.1. MeOH permeability of anion exchange membrane and Nafion membrane. 
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In addition, the cell with AEM exhibits higher peak power density than that of 
Nafion for all methanol concentration as shown in Fig. 4.3. In 1 M methanol 
concentration, the peak power density of AEM is 6.8 mWcm−2 while that of Nafion® 
117 is 5.2 mWcm−2. AEM and Nafion® 117 is the same the peak power density of 5.9 
mWcm−2 in methanol concentration of 2 M. The high cell performance of AEM can be 
thought as a facile electrochemical reaction in alkaline media. These results imply the 
availability of DMAFC using AEM.  
 
However, two MEAs exhibit different behavior of cell performance as methanol 
concentration increases. The peak power density of cell with Nafion®117 increases, 
while peak power density of cell with AEM does not increase as methanol concentration 
increases from 1 M to 2 M. This result is thought to relate that the current density of 
AEM does not increase although methanol concentration increases. The current density 
at a cell voltage of 0.1 V of cell with Nafion® 117 increases from 42 mAcm−2 to 47 
mAcm−2 as methanol concentration increases from 1 M to 2 M. On the other hand, the 
current density at a cell voltage of 0.1 V decreases from 41 mAcm−2 to 39 mAcm−2 in 
cell with AEM despite of increasing methanol concentration. The polarization curves of 
cell with AEM exhibit large slope in ohmic region and small decrease of slope 
according to increasing methanol concentration, compared to those of Nafion® 117. 
Scott et al. reported that contact resistances and ionic resistances in the electrocatalysts 
layers as well as anode and cathode polarization influenced shape of polarization curves 
and the cell performance [8]. These results are considered that a low ionic conductivity 
affects the cell performance at the high concentration. Interestingly, polarization curves 
of AEM are dived into two regions, in which their slopes are changed. In a case of 1 M 
MeOH, slope is change at a vicinity of 9 mA cm-2. This behavior was also reported with 
active DMAFC [9]. Moreover, an inflection point, which is change point of slope, 
moves to the direction of high current density in proportion to MeOH concentration. 
The performance of MEA decreases as the inflection point shifts to high current density.  
 
Impedance measurements were performed to investigate a dependency of methanol 
concentration in cell with AEM. Nyquist plots in Fig. 4.5 exhibit two arcs, which are 
similar to those of passive DMFC in acidic media [10, 11]. Tanya et al. reported that 
low frequency arc is mainly contributed from MeOH oxidation and mass-transfer 
limitation and high frequency is predominantly related to the oxygen reduction and 
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ionic transfer in the MEA [10]. When cell voltage decreased from 0.5 V to 0.3 V, the 
diameter of the arc, which is located in low frequency, shrunk for a cell operating in 1 
M MeOH as shown in Fig. 4.5 (a). This implies that decreasing the discharging voltage 
can facilitate the methanol oxidation and oxygen reduction, leading to the gradually 
shrunk arcs. The experimental results are in agreement with the data reported in the 
literature [12]. For a cell operating in 2 M MeOH (Fig. 4.5 (b)), the decrease of the arc 
is observed from 0.4 V to 0.3 V, which is corresponding to voltage at higher current 
density region of inflection point. However, the diameter of the arc is not changed when 
voltage decreases from 0.5 V to 0.4 V, which is corresponding to voltage at the lower 
current density region of inflection point. These results imply that poor ion transfer at 
anode side is correlated to inflection point of I-V curve.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.5. Nyquist plots for MEA using anion exchange membrane at various voltage (0.3, 
0.4, 0.5 V) in (a)１M and (b) 2 M MeOH with 1 M KOH. The measured MEA is the 
same MEA in Fig. 4.3. 
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4.3.2 Effect of Ion Conductivity on Cell Performance 
 
To investigate an effect of ion conductivity on cell performance, the cell with AEM 
was operated varying KOH concentration in anode fuel. Fig. 4.6 shows the polarization 
curves of cell in 2 M MeOH with various KOH concentrations. The current density at a 
cell voltage of 0.1 V increases from 39 mAcm−2 to 65 mAcm−2 as KOH concentration in 
2 M MeOH solution increases from 1 M to 3 M. Moreover, the peak power density in 3 
M KOH is about 2 times larger than that in 1 M KOH from 5.9 mWcm−2 to 11.5 
mWcm−2. The improved cell performance is considered as OH- ion required for 
methanol oxidation reaction is sufficiently supplied by the addition of KOH into anode 
fuel and leads to improve cell performance. These results imply that it is necessary to 
enhance ionic conductivity at anode side to improve the cell performance.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.6. Polarization curves for MEA with AEM in 2 M MeOH containing the various 
concentration of KOH (1 M ( and ), 2 M ( and ), and 3 M ( and )) . The 
measured MEA is the same MEA in Fig. 4.3(a). 
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Fig. 4.7 show that Nyquist plots of MEA varying KOH concentration at 0.5 V, 
which is corresponding to voltage at the lower current density region of inflection point. 
As the concentration of KOH in fuel increases, the diameter of low frequency arc 
decreases dramatically. An increase of OH- ion amount by addition of KOH into anode 
fuel reduces the ionic resistance for methanol oxidation reaction. These results imply 
that the inflection point of polarization curve is related to the ionic resistivity of anode 
side and it is necessary to improve ionic conductivity at anode side to obtain high cell 
performance and improves the cell performance. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7. Nyquist plots for MEA with AEM in 2 M MeOH containing the various 
concentration of KOH (1 M ( and ), 2 M (and ), and 3 M ( and )) at 0.5 V. 
The measured MEA is the same MEA in Fig. 4.3 (a). 
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MEAs with various ionomer contents in anode catalyst layer were prepared in 
order to examine the effect of the ion conductivity of catalyst layer. Fig. 4.8 shows that 
the polarization curves of each MEA with different fraction of ionomer were obtained in 
1 M MeOH containing 1 M KOH. The polarization curve of MEA with 10 % of 
ionomer content shows that cell voltage quickly fall down as the current density 
increases. This behavior is considered that a sufficient ion conducting path is not formed 
because of small amount of ionomer. However, the peak power densities of cell are 1.2 
mWcm−2, 5.0 mWcm−2, 6.8 mWcm−2, and 9.4 mWcm−2 as ionomer content in anode 
catalyst layer increases 10 %, 20 %, 30%, and 35 % of ionomer content, respectively. 
These results are considered that the charge transfer resistance decreases because a 
favorable ion conductive path is formed at higher ionomer content.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8. Polarization curves of cells with different fractions of ionomer (10 wt% ( 
and ), 20 wt% ( and ), 30 wt% (and ) and 35 wt% ( and )) in the anode 
catalyst layers in 1 M MeOH containing 1 M KOH (cathode is the same electrode in Fig. 
4.3 (a)).  
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The improvement of cell performance by increasing ionomer content in anode 
catalyst layer is similar to the results by increasing KOH concentration in fuel, as 
mentioned above. From these results, it found that it is important to improve the ionic 
conductivity at the anode and form a favorable ion conductive path in catalyst layer in 
order to enhance the cell performance in DMAFC system. However, ionomer might 
reduce the electric path way and limit the mass transport of the methanol by reducing 
pore volume in the catalyst layer, while ionomer enhances the ionic conductivity in the 
catalyst film. It can be thought that it is important to form an ionic conductive path with 
optimum ionomer content. Accordingly, a 35 % of ionomer content is selected as 
ionomer contents in anode catalyst layer for further study. 
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4.3.3 Application of Pd-Sn/C Catalyst to DMAFC 
 
In order to examine potentiality of a non-Pt catalyst to DMAFC, I-V measurements 
were carried out using home-made Pd-Sn/C catalyst as a cathode catalyst. Pd-Sn 
catalyst prepared by sonochemical method was reported that it exhibited a high 
electrocatalytic activity for ORR and a high tolerance for methanol in previous chapter. 
Fig. 4.9 shows polarization curves of MEA using Pd-Sn/C catalyst as cathode catalyst 
were with various concentrations of MeOH. MEA using Pd-Sn/C catalyst shows 5.5-5.8 
mWcm−2 of maximum power densities as the methanol concentration increases from 1 
M to 3 M, while cell performance slightly decreased in 4 M MeOH. These results are 
considered that Pd-Sn/C catalyst has a high tolerance for methanol.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9. Polarization curves of MEA using Pd-Sn/C catalyst as cathode catalyst in the 
various concentration of MeOH (1 M ( and ), 2 M ( and ), 3 M ( and )  
and 4 M ( and )) containing 1 M KOH. (anode: PtRu/C (53 wt%), 2.0 mgcm-2, 
anionic ionomer: 34 %, cathode: Pd-Sn/C (30 wt%(Pd loading 18 wt%), 1.46 mgcm-2, 
anionic ionomer: 30 %). 
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However, OCV of cell using Pd-Sn/C catalyst decreases, as methanol concentration 
increases. The decrease of OCV is considered as an effect of methanol crossover. This 
result implies that methanol crossover is not completely suppressed by using AEM and 
it is important to use catalyst with high tolerance for methanol, regardless of DMAFC 
system. This result is supported by other research group. Scott and coworker reported 
that methanol crossover affected DMAFC performance, although the influence by 
methanol crossover was not severe compared to DMFC using Nafion [8]. It implies that 
DMAFC can be effectively operated at high methanol concentration by using catalyst 
with high tolerance for methanol.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10. Polarization curves for MEA using Pd-Sn/C ( and ) and commercial Pt/C 
( and ) catalysts in 3 M MeOH in 1 M MeOH containing 1 M KOH (both of cells 
were used the same anode; PtRu/C, 2.0 mgcm-2, anionic ionomer: 34 %). 
 
 
Fig. 4.10 shows cell performance using Pd-Sn/C and commercial Pt/C catalysts in 
3 M MeOH. The maximum power densities of MEA using Pd-Sn/C catalyst and 
commercial Pt/C catalyst are 5.8 mWcm−2 and 5.1 mWcm−2 in 3 M MeOH, respectively. 
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Moreover, MEA using Pd-Sn/C catalyst exhibits a slight decrease of cell performance 
the highest maximum power density in 4 M of methanol concentration, while cell using 
Pt/C catalyst exhibits a decrease of performance at methanol concentrations of 3 M and 
greater. These results are considered that Pd-Sn/C catalyst has higher tolerance for 
methanol than that of Pt/C catalyst. Following the results, Pd-Sn/C catalyst can be a 
promising ORR catalyst at high methanol concentration.  
 
The catalyst layer using Pd-Sn/C is thicker about 30% than that using Pt/C, 
because Pd-Sn/C catalyst used in this study is less than 30 wt% of catalyst loading (Pd 
loading: 18 wt%) on carbon, compared to 47 wt% of catalyst loading for Pt/C catalyst. 
The electrode using Pd-Sn/C catalyst is not optimized. Thus, an improved cell 
performance can be expected by increasing metal loading on carbon and optimizing the 
electrode structure.  
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4.4 Conclusions 
 
A passive direct methanol alkaline fuel cell (DMAFC) using anion exchange 
membrane (AEM) was successfully operated. The cell with AEM exhibits higher OCV 
and performance than those of Nafion. In this system, the ionic conductivity at the 
anode has a significant effect on the performance and the structure of the anode catalyst 
layer is supposed to have an important role on the formation of ion conductive path.  
In addition, MEA using Pd-Sn/C catalyst as cathode catalyst exhibits a higher 
performance than commercial Pt/C catalyst at high methanol concentration. The high 
cell performance is considered that Pd-Sn/C catalyst has a high electrocatalytic activity 
for oxygen reduction reaction and a high tolerance for methanol. It is found that 
DMAFC can be effectively operated at high methanol concentration by using catalyst 
with high tolerance for methanol.  
 
Based on these results, Pd-Sn/C catalysts are expected promising as cathode 
catalysts in DMAFC system. 
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The development of Pt-free low cost catalysts is urgently demanded for the 
commercialization of fuel cells. The goal of this work is to develop new non-Pt catalysts 
as ORR catalysts and preparation method of catalysts in fuel cell. This thesis presented 
the synthesis of new Pd-Sn Catalyst by using ultrasonic irradiation as a preparation 
method of catalyst in fuel cell and the application of Pd-Sn catalyst for oxygen 
reduction reaction to passive direct methanol alkaline fuel cell using anion exchange 
membrane.  
 
In this chapter, the results discussed in the previous chapters are summarized. 
 
Chapter 1 is the general introduction related to the approach in this research. 
Non-Pt catalysts have been developed by various preparation methods to solve the 
problems of the current fuel cell, such as high cost and large overpotential in catalytic 
reaction. From these research backgrounds, Pd-based catalysts using ultrasonic 
irradiation method as a candidate for non-Pt catalysts and direct methanol alkaline fuel 
cell (DMAFC) system for evaluating catalysts are selected.  
 
 In chapter 2, Pd-Sn nanoparticles were prepared by applying ultrasonic irradiation. 
The prepared Pd-Sn nanoparticles have a higher ORR activity than Pt and Pd 
nanoparticles in alkaline media. Moreover, Pd-Sn nanoparticles exhibited a high 
methanol tolerance. A high electrocatalytic activity of Pd-Sn nanoparticles can be 
obtained by optimizing the relative amount of citric acid on the metal surface. The 
results obtained from chapter 2 suggested that nanoparticles of Pd-Sn prepared by using 
ultrasonic irradiation can be expected as a promising oxygen reduction catalyst in the 
alkaline media. 
 
Chapter 3 presented the synthesis of carbon-supported Pd-Sn (Pd-Sn/C) catalyst by 
using ultrasonic irradiation in order to apply to direct methanol alkaline fuel cell. 
Pd-Sn/C catalyst was successfully synthesized by ultrasonic irradiation. This indicated 
that the ultrasonic irradiation method can be one of the high potential methods to 
synthesize carbon-supported Pd-Sn catalysts. The prepared Pd-Sn/C has better ORR 
activity than Pd/C in alkaline media, because of small particle size and the alloy effect 
of Pd and Sn. In addition, Pd-Sn/C catalysts have large number of electron for ORR. 
These results indicate that Sn influences both the kinetics and the mechanism of ORR. 
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Pd-Sn/C catalyst prepared by ultrasonic irradiation can be expected as a promising ORR 
catalyst in direct methanol alkaline fuel cell. 
 
Chapter 4 described the application of Pd-Sn catalyst prepared by ultrasonic 
irradiation method for oxygen reduction reaction to passive direct methanol alkaline 
fuel cell (DMAFC) using anion exchange membrane. At first, feasibility studies on 
passive DMAFC using Pt/C catalysts were carried out to investigate the availability of 
passive DMAFC. As the results, a passive DMAFC using anion exchange membrane 
was successfully operated and exhibits higher OCV and cell performance than those of 
Nafion. Then, the evaluation of cell performance was carried out using home-made 
Pd-Sn/C catalyst as a cathode catalyst in order to examine potentiality of a non-Pt 
catalyst to DMAFC. MEA using Pd-Sn/C catalyst as cathode exhibits a higher 
performance than commercial Pt/C catalyst in high methanol concentration. It is found 
that DMAFC can be effectively operated at high methanol concentration by using 
Pd-Sn/C catalyst with high tolerance for methanol. Based on these results, Pd-Sn/C 
catalyst was confirmed to work as a promising cathode catalyst in DMAFC system. 
 
 
The potentiality of Pd-Sn catalyst prepared by using ultrasonic irradiation as an 
ORR catalyst and the availability of passive DMAFC system were suggested in this 
thesis. However, issues to be resolved still remained.  
 
The preparation of high loading and high dispersed catalyst with uniform particle 
size is required to increase the catalyst utilization and obtain high performance in fuel 
cell. However, it is difficult to synthesis high dispersed catalyst because nanoparticles 
are easily aggregated in high loading catalysts. Thus, nano-sized metal supported on 
carbon materials has been extensively used as an electrocatalyst to enhance the 
dispersion of catalyst particles and increase the utilization of noble metal catalyst. Many 
researchers have been studied on the development of new support and the treatment 
method of support.  
Carbon support effects greatly on the metal loading content and dispersion of 
particle in ultrasonic irradiation method. For example, the metal loading content of 
metal nanoparticle on non-treated carbon is about 60~80% of initial content, while the 
metal loading content of metal nanoparticle on the acid-treated carbon is more than 90% 
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of initial content. Moreover, the nanoparticle on the acid-treated carbon exhibits smaller 
particle size and uniform distribution than that on non-treated carbon.  
Therefore, it is necessary to develop a good support and the surface treatment 
method of the support in order to obtain the high loading and dispersed catalysts using 
ultrasonic irradiation method.     
 
In this study, the preparation and application of non-Pt catalyst in direct methanol 
alkaline fuel cell using anion exchange membrane are focused, remaining issues on 
carbon dioxide poisoning as the other research issues. Even though the alkaline fuel cell 
with anion exchange membrane has the possibility that would enable a cell to run 
without carbon dioxide poisoning, as there would be no free potassium cations to which 
the carbonate anions could be reacted, Carbon dioxide poisoning is a common issue to 
be solved. DMAFC system can be expected to use in air when supported by 
development of systematic approach such as an application of membrane with 
selectivity of CO2 and the design of system for reducing the problems by carbon dioxide 
poisoning as well as the development of good catalyst and membrane.  
 
 
In this thesis, new Pd-Sn Catalyst were prepared by using ultrasonic irradiation as 
a preparation method of catalyst in fuel cell and the application of Pd-Sn catalyst for 
oxygen reduction reaction to passive direct methanol alkaline fuel cell using anion 
exchange membrane were carried out. The Pd-Sn catalyst prepared by using ultrasonic 
irradiation exhibits a high ORR activity and high tolerance for methanol in alkaline 
media. MEA using the prepared Pd-Sn/C catalyst as cathode exhibits a high 
performance at high methanol concentration because of its charateristric. From these 
results, the ultrasonic reduction method is expected to be a promising method of catalyst 
preparation for fuel cell and new Pd-Sn/C catalyst prepared by ultrasonic irradiation can 
be expected as a promising ORR catalyst in DMAFC.  
The findings on new non-Pt catalysts for direct methanol fuel cell cathode 
reporting in this thesis would be worth for the researchers in the field because of the 
possibility of lowering the cost of fuel cells and an alternative approach to improve the 
performance of DMFC. 
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